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The thorium fuel cycle is a promising future option for an alternative to uranium. The
pressure tube heavy water reactor (PT-HWR) has for decades been considered capable of
achieving net breeding on the thorium fuel cycle, but this capability has not been conclu-
sively demonstrated. The goal of this work was to perform reactor physics modelling of
the 380-channel, 700 MWe PT-HWR, attempting to achieve a self-sustaining equilibrium
thorium cycle with specific focus on operational viability.
The DRAGON neutron transport code was used to model ThO2/
233UO2 fuel lattice cells.
Sensitivity analyses were performed for the fissile nuclide content, specific power, and av-
erage fuel temperature. Thorium-based fuels are found to have a strongly negative power
coefficient of reactivity, leading to criticality concerns in the event of a prolonged shutdown.
Several fuel bundle concepts were modelled in order to determine the most favourable as-
sembly for breeding. The results showed no significant benefit to other concepts, therefore
the standard 37-element bundle was selected due to its wealth of operational experience and
well-known operating margins. Homogeneous fuelling was found to be impractical for breed-
ing, and heterogeneous fuel bundles were found to not offer significant improvement while
increasing complexity. As a result, heterogeneous core configurations using homogeneous
bundles were investigated in full core calculations.
The DONJON core physics code was used in conjunction with homogenized cross-sections
calculated by DRAGON to model the complete reactor, including reactivity devices and
supporting structures. Seven fuelling configurations were simulated and iteratively improved
through an empirical process. Ultimately, none of the studied configurations could achieve
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net breeding. The most favourable configuration was found to be a heterogeneous seed
and blanket core where the blanket (composed of 1.4 at% 233U) was placed in the central
region and the seed (composed of 1.6 at% 233U) was placed in the periphery. Two variants
of this configuration (differing on the refuelling scheme used in the blanket) were further
investigated with instantaneous power simulations with 10 full power days of refuelling.
Both variants were found to abide by the existing license limits on maximum bundle and
channel power. The variant using 4-bundle shift in both blanket and seed could tolerate an
increase in reactor power to 110% FP while maintaining a comfortable margin to safety. A
number of postulated misfuelling events were simulated for both variants, and the responses
were found to be controllable by the existing reactivity systems.
It is noted that there are significant sources of error in the results of this work. Advances
in computational methods as well as better nuclear data for the thorium fuel cycle are
required for more accurate predictions. Overall, while the PT-HWR has great potential as
a very high converting reactor, based on the results of this work, the existing design cannot
operate as a net breeder. From an economic perspective, a gain in power output may be
more beneficial than an entirely closed fuel cycle.
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Introduction
“It is generally recognized that Uranium 235. . . will only play an important role in the
preliminary stages of the world programme for the release of atomic energy. The predom-
inant fissile material is expected to be Plutonium 239 or Uranium 233.”
Dr. W.B. Lewis, 1947 [1]
Early in the age of nuclear power research, studies of the thorium fuel cycle were initially
driven by the belief that low-cost uranium reserves were rare. By the 1980s, extensive
research and development had been performed but the persisting low price of uranium
had prohibited commercial applications. Recently, thorium fuel cycle research has seen a
resurgence, although uranium-based reactor fuel remains relatively inexpensive (the spot
price of uranium at the time of writing is between 35-50 USD·kg-1 [2]). It is recognized
that while a shortage of uranium is not probable in the short term, it should still be viewed
as a limited resource. Increasing population, urbanization, per capita energy usage, and
the rising role of nuclear power in meeting that demand may cause the price of uranium
to climb rapidly within the current century. Therefore, it may be useful to have fuel cycle
alternatives available for the medium to long term that do not depend on the development
of new reactor technology.
The next generation of nuclear reactor concepts are currently under investigation as part
of the Generation IV International Forum (GIF). Several of these designs (in particular the
Supercritical Water Reactor (SCWR) and the Molten Salt Reactor (MSR)) are expected
to incorporate the thorium fuel cycle. However, Generation IV reactors are expected to
1
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be ready for deployment after 2030 [3], and will likely not constitute the majority of nu-
clear power for some time after that. Thus, there is significant value remaining in current
generation designs, and these may need to be relied upon for up to a century.
From an operational perspective, the greatest advantage of current generation reactors
is the existence of operational experience (OPEX). Pressure-Tube Heavy Water Reactors
(PT-HWR), in particular the CANDU R⃝ reactor1, have been operated around the world for
more than 50 years. These reactors have thus been heavily researched, their operational
parameters are very well known, and design data is widely available. There is in particular
a wealth of thorium fuel cycle studies for the PT-HWR available in literature.
1.1 Background
Unlike uranium, thorium has no naturally abundant fissile isotopes. Natural thorium is
100% composed of 232Th, which is a fertile nuclide. It can be converted to fissile 233U
through the absorption of a neutron and subsequent decays, as seen in Equation (1.1).















Thorium fuel cycles can be roughly divided into two categories, seen in Figure 1.1. The
once-through thorium (OTT) cycle is similar to the fuel cycles currently used by pressur-
ized water reactor (PWR) and PT-HWR plants. Fuel composed of natural thorium and
either enriched uranium (EU) or plutonium is loaded into the reactor and is irradiated to
relatively high burnup. Upon discharge, it is directed to the waste management process. In
the self-sustaining equilibrium thorium (SSET) cycle, the major fissile component is 233U.
Additionally, spent fuel is reprocessed and the remaining fissile nuclides are recycled back
into fresh fuel. The success of the SSET cycle is dependent on producing (or “breeding”)
as much fissile material as is consumed. The only external material required for this cycle
is a small amount of new thorium at each step.
1CANDUR⃝ is a registered trademark of Atomic Energy of Canada Ltd. used under exclusive license by
Candu Energy Inc. In this thesis the reactor shall be referred to as CANDU (i.e., removing the registered
trademark symbol) for simplicity and brevity.
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Figure 1.1: The two basic categories of thorium fuel cycles.
Since the fissile component in the SSET cycle is produced by neutron absorptions in thorium,
any parasitic losses in coolant, moderator, or structural components in effect remove fuel
from the core. Heavy water reactors have excellent neutron economy due to fewer neutron
absorptions in the heavy water coolant and moderator. Additionally, the online refuelling
capability of PT-HWRs allows great fuel management flexibility. These properties make
the PT-HWR very well suited for a current generation application of the SSET cycle.
1.1.1 Thorium advantages and challenges
Aside from being currently unexploited on a commercial scale, thorium-based fuels have
a number of beneficial properties. Thorium is more abundant in the earth’s crust than
uranium, as seen in Table 1.1. Uranium is however, far more abundant in the oceans, where
there is an estimated 4 billion tonnes [4]. Uranium extraction from seawater is currently
estimated to cost about $600·kgU-1.
Table 1.1: Natural abundances of uranium and thorium.
Property Natural Natural
Uranium Thorium
Abundance in Earth’s Crust (ppm) 2.8 [4] 10 [5]
Abundance in Seawater (ppt) 3000 [4] 0.035 [6]
Thermal capture cross-section (b) 2.68 [7] 7.34 [7]
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The capture cross-section of 232Th in the thermal neutron energy spectrum is roughly three
times that of 238U. As a result, thorium is a superior fertile material for thermal reactors,
while 238U is better suited in fast-spectrum reactors.
233U has many advantages when compared to the other fissile nuclides. The nuclear cross-
sections and neutronic properties of the four fissile nuclides as reported in the latest version
of the Evaluated Nuclear Data File (ENDF/B-VII.1) are given in Table 1.2. While 233U
has the lowest microscopic fission cross-section, it also has the lowest capture cross-section.
Therefore a neutron absorbed in 233U has a much higher probability (compared to the
other fissile nuclides) of causing a fission reaction. Correspondingly, 233U has the lowest
capture-to-fission ratio (α) and the highest reproduction factor (η). A source of concern
with the control of thorium-fuelled reactors is the lower delayed neutron fraction (β) of
233U, compared to 235U. This is discussed further in Section 7.3.
Table 1.2: Cross-sections of the fissile isotopes at 0.0253 eV (2200 m·s-1), from ENDF/B-
VII.1 [7].
Property 233U 235U 239Pu 241Pu
σa (b) 576.62 683.68 1018.64 1375.35
σf (b) 531.36 584.99 747.92 1012.30
σγ (b) 45.26 98.69 270.73 363.05
α 0.085 0.169 0.362 0.359
νt 2.4968 2.4367 2.8789 2.9466
η 2.30 2.08 2.11 2.17
β (mk) [8] 2.6 6.5 2.1
Due to the lower atomic number of thorium-based fuels, the concentration of long-lived
minor actinides (such as 237Np, 243Am, and 247Cm) in spent fuel waste is drastically
reduced. Although there are other long lived heavy element isotopes (such as 231Pa, 229Th,
and 230Th) that are byproducts of the thorium fuel cycle [5], the radiotoxicity of spent fuel
waste in the medium to long term is overall reduced.
232U generally appears as an impurity in 233U, where it is produced from (n,2n) reactions
with 233U or 233Pa. The decay chain of 232U (see Equation (1.2)) contains 208Tl, which can
emit a very high energy gamma (∼ 2.6 MeV) upon its decay [5]. The higher radiotoxicity of
233U-based fuels can make spent fuel handling and reprocessing more difficult, but is also
a minor proliferation resistance measure (as is further discussed in Section 7.5).





































Additionally, there are a number of advantages inherent to the fuel form itself. Thoria
(ThO2) has the highest melting point of any oxide [9] and is the most stable oxide of tho-
rium. In contrast, urania (UO2) is not the most stable oxide of uranium and can easily
oxidize further to U3O8 or UO3 [5]. The thermophysical properties of urania and thoria are
compared in Table 1.3. The higher thermal conductivity and lower thermal expansion of
thoria may allow safe operation at higher power limits than currently set for urania.
Table 1.3: Selected thermophysical properties of urania and thoria.
Property ThO2 UO2
Density∗ (g·cm-3) 10.0 [10] 10.96 [11]
Melting Point (K) 3300 [10] 3120 ± 30 [11]
Thermal Conductivity† (W·m-1·K-1) [5] 6.20 4.80
Co-efficient of Thermal Expansion‡ (10-6 K-1) [5] 9.67 10
Crystal Structure [5] FCC§ FCC
CaF2 type CaF2 type
∗ at 298 K and 0.1 MPa
† at 773 K
‡ between 298 K and 1223 K
§ Face-Centered Cubic
Thoria is also more radiation resistant than urania and its fission product release rate is
an order of magnitude lower. Although 233U has a higher yield of fission product gases
[12], thoria-based fuels are better at retaining these gases and, therefore, have a much lower
fission gas release (FGR) rate.
Chapter 1. Introduction 6
1.2 Objectives
This thesis shall explore the following questions:
1. Is it possible to operate the currently existing 700 MWe-class PT-HWR as a net
breeder on a thorium fuel cycle?
2. Is it possible to operate this reactor at full power and meet existing license limits on
bundle and channel power?
3. Are heterogeneity in fuel or heterogeneity in core fuelling beneficial compared to ho-
mogeneous cores in regards to breeding?
4. What are the safety implications of this form of operation? Do human errors caused
by the increased complexity of fuel management result in uncontrollable scenarios?
The objective of this work is to devise fuelling configurations of the existing 700 MWe PT-
HWR that result in a net-breeding 233U/Th cycle. The developed cores must abide by the
existing Canadian limits on peak instantaneous bundle and channel powers. As a viability
measure, nominal reactor power shall be maintained whenever possible. Research shall be
performed using reactor physics modelling and simulation of the fuel and full core using the
DRAGON and DONJON codes [13, 14]. Homogeneous fuel and core configurations, as well
as heterogeneous fuels and heterogeneous cores shall be explored.
1.3 Original contribution
Although the thorium fuel cycle has been extensively investigated in PT-HWRs, the bulk
of this work has been focused on single-fuel once-through schemes [15]. These concepts
originated with the “Valubreeder” initially developed and advocated by Lewis in the 1970’s.
Since recycling or breeding schemes are not currently economical, research priority in the
industry has been placed on thorium/plutonium and thorium/EU OTT concepts that can
achieve high burnup.
Studies of SSET cycles are less numerous, and have not been revisited as thoroughly as
OTT cycles in the past decade. The available literature involves the feasibility of SSET,
challenges, economics, the approach to equilibrium, and optimization of fuel management.
These studies do not contain detailed full-core modelling, and are based on simplified models
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of homogeneous cores composed of one fuel type. The capability of PT-HWRs to operate in
net breeding mode is often stated in literature, but has not been conclusively demonstrated.
An additional caveat is the reduction of reactor power (derating), which is a general fact of
life with water-moderated breeder reactors (particularly in heterogeneously-fuelled cores).
While derating is necessary in order to meet design limits on localized power peaks, it is a
severe detriment to the commercial feasibility and economic viability of breeder reactors.
This work presents an original contribution to knowledge by investigating homogeneous
and heterogeneously fuelling configurations in PT-HWR cores with many irradiation zones,
while attempting to maintain nominal reactor power. The “seed and blanket” concept upon
which the Shippingport Light Water Breeder Reactor (LWBR) [16] was based is applied to
the modern PT-HWR. The flexibility afforded by pressure-tube design and online refuelling
allows the implementation of complex fuelling regimes. The reactor is simulated using a
detailed three-dimensional model using the DRAGON and DONJON reactor physics codes.
Time-average and instantaneous calculations are performed in order to study the real-time
operational parameters of the reactor, particularly following refuelling events. Heteroge-
neous fuel bundles and alternative bundle concepts are also modelled and assessed for
breeding potential. The self-sustaining equilibrium thorium fuel cycle is studied, not just
from the context of reactor physics, but also from the operational and fuel management
perspectives.
Portions of this work have been presented at the GLOBAL 2015 International Fuel Cycle
Conference [17], the 6th UOIT Graduate Research Conference [18], the American Nuclear
Society 2014 Winter Meeting [19], the 2014 University Network of Excellence in Nuclear
Engineering Workshop [20], the 12th International Conference on CANDU Fuel [21], and
the 2012 European Nuclear Conference [22]. A technical paper has also been submitted to
the Nuclear Technology journal [23].
1.4 Outline
A brief overview of the theory behind DRAGON and DONJON calculations, as well as
reactor physics and fuel management concepts relevant to the thesis are given in Chapter
2. A survey of the available literature on thorium fuel cycles (especially SSET cycles
in PT-HWRs), including the economics and regulatory considerations was performed and
is summarized in Chapter 3. Also included is literature pertinent to the validation of
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DRAGON and DONJON against an operating PT-HWR, and the sources of uncertainty
in the results of this thesis. Chapter 4 provides a description of the methodology followed
in this work. The toolset and modelled reactor are described, and an overview of the
experimental process followed is given. A sample of this process is shown in Appendix
A. The results of the DRAGON calculations (that is, the fuel lattice modelling) are given
in Chapter 5. The sensitivity of the fuel performance to various factors, as well as the
suitability of homogeneous and heterogeneous fuels are explored. The DONJON results
(the full core simulations) are given in Chapter 6. This chapter first covers the time-average
model results, in which various fuelling configuration types are simulated in equilibrium and
compared. The most suitable of these is used in instantaneous power refuelling simulations,
which are more representative of real-time behaviour of the reactor. The overall results are
briefly discussed in Chapter 7. Conclusions and future options for extension of this work
are provided in Chapters 8 and 9, respectively.
Chapter 2
Theory
Some of the basic concepts central to the thesis are discussed in this chapter. While the bulk
of computational work was performed using the DRAGON and DONJON reactor physics
codes (described in Section 4.1), some of the equations central to these codes are briefly
summarized from References [24, 25]. General reactor physics theory is covered in depth in
References [8, 24, 26–28].
2.1 Neutron transport equation
Lattice cell calculations in reactor physics analyses are based on solving the integro-differential
form of the multigroup time-independent neutron transport equation. The transport equa-
tion represents the balance of the sources of neutron generation (right side of equation) and
losses (left side of equation) in a volume, as a function of position, angle, and energy. The
equation is given as:














where Ω⃗ represents the solid angle, Σt the macroscopic total cross-section, r⃗ the position, E
the neutron energy, ϕ the neutron flux, Σs the macroscopic scattering cross-section, χ the
fission spectrum, keff the effective multiplication factor, ν the fission neutron yield, and Σf
the macroscopic fission cross-section.
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2.2 Computational approach
Transport equations can be solved by two general computational approaches: deterministic
and stochastic. The stochastic approach (also called the Monte Carlo method) depends on
generating a large number of particles and determining their movement and interactions
through the use of a random number generator. The stochastic approach is more accurate,
but it is also computationally expensive and time-consuming. The deterministic approach
is based on the use of numerical methods (such as the collision probability method) to
solve transport equations. Due to the complexity of the equations involved, deterministic
solutions generally require approximations in discretizing the energy spectrum and the
geometric model. As a result, they are less accurate, but much faster than stochastic
methods. The toolset used for this research (viz., the DRAGON and DONJON codes) is
based on the deterministic approach.
2.3 Collision probability method
The transport equation is solved by DRAGON using the collision probability method out-
lined in Reference [25] and Section 3.8 of Reference [24]. This method dictates that the
neutron flux for a given energy group g at a point i, ϕi,g, can be calculated as the product
of the neutron source at any other point j, Qj,g, and an exponential attenuation factor,
pij,g. The attenuation factor is a function of the optical path, δ, traversed by a neutron


































ds′Σt,g(r⃗ − s′Ω⃗) (2.5)
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where h represents the index for neutron energy groups, and k the index for fissionable
nuclides. Vi represents the discretized regions of the lattice cell, V
∞
i the infinite set of
regions in the lattice cell, and r⃗ ′ = r⃗ − sΩ⃗, such that s = |r⃗ − r⃗ ′| and d3r′ = s2d2Ωds.
For a lattice cell discretized into n regions, the above method generates an n × n matrix
for each energy group. The system defined by these matrices can then be approached as an
eigenvalue problem, with ϕ as the eigenvector and keff as the eigenvalue, and solved by the
power iteration method.
2.4 Burnup
Burnup (BU) is defined as the total thermal energy generated by the fuel per unit mass of
heavy elements (HE). It is therefore a function of the thermal power (Pth), time (t), and
mass of fuel (m). The ratio of power and fuel mass is also referred to as the specific power,
⟨P ⟩. If specific power is assumed to remain constant, burnup can also be interpreted as the




· t = ⟨P ⟩ · t (2.6)
Burnup is generally expressed in the units of MW·d·T-1, MW·h·kg-1, or MW·d·kg-1. The
concept of burnup is also sometimes conveyed by irradiation, ω, the product of neutron flux
and time, which is expressed in the units of neutrons per kilobarn (n·kb-1) or fissions·m-3.
The core-averaged discharge burnup, DBU, is defined as the average burnup of all fuel when









where z is the index for fuel zones in a heterogeneously-fuelled core and r is the refuelling
rate in kg·d-1.
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2.5 Isotopic depletion
Burnup is particularly important to the evolution of neutron balance and material properties
in a fuel lattice. The characteristics of the fuel change drastically as nuclides are depleted
with burnup due to fissions or other neutron-induced reactions. This is central to the
concept of breeder reactors, as the accumulation of fissile isotopes (e.g., 233U, 239Pu) is
directly proportional to (and in fact caused by) the depletion of fertile isotopes (e.g., 232Th,
238U). The depletion equation for an isotope p is:










−Np(t)[λp + ⟨σa,p(E)ϕ(t, E)⟩]
where N represents the isotopic concentration, a the index for fissionable isotopes, Yp,a the
yield of isotope p through the fission of isotope a, and σf,a the microscopic fission cross-
section of isotope a. b represents the index for isotopes which decay into p, λ the decay





For example, the equations for the production of 233U from 232Th (Equation (1.1)) are:
dN232Th
dt






−N233Th(t)[λ233Th + ⟨σa,233Th(E)ϕ(t, E)⟩] (2.12)
dN233Pa
dt
= N233Th(t)λ233Th −N233Pa(t)[λ233Pa + ⟨σa,233Pa(E)ϕ(t, E)⟩] (2.13)
dN233U
dt
= N233Pa(t)λ233Pa −N233U(t)[λ233U + ⟨σa,233U(E)ϕ(t, E)⟩] (2.14)
For 232Th, the production terms disappear since it is only present in fresh fuel and not
produced in the reactor. The decay term is also excluded since the long half-life of 232Th
(∼ 1.4 × 1010 a) makes this a negligible pathway for removal. There are no fission yields
for 233Th, 233Pa, or 233U, so the only source for their production is the decay of their
respective parents.
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2.6 Neutron diffusion equation
Modern reactors (and in particular commercial-scale power reactors) consist of many com-
ponents, geometrically complex fuel regions, and large numbers of fuel assemblies. It is
therefore difficult to create and analyze computational models of fully detailed reactors. In-
stead, full-core calculations are performed in two steps. The first step is the solution of the
transport equation (as described in Sections 2.1-2.5) over many neutron energy groups for a
single two-dimensional lattice. The result of the transport calculation is then homogenized
and condensed into a few-group homogeneous unit cell.
In the second step, the reactor is described in three dimensions as a Cartesian arrangement
of the homogeneous unit cells. A simplified version of the neutron transport equation, called
the neutron diffusion equation is then solved for the full-core. To simplify the transport
equation, the angular and energy dependencies are removed, since each cell is uniform and
energies are condensed into fewer groups. Additionally, a substitution is made for neutron
current J⃗ = Ω⃗ϕ. The equation can now be written as Equation (2.15).
∇ · J⃗g(r⃗ ) + Σt,g(r⃗ )ϕg(r⃗ ) =
H∑
h=1





νΣf,i(r⃗ )ϕh(r⃗ ) (2.15)
Where g represents each energy group, h the index for energy groups of neutrons scattering
into g, and i the index for energy groups of neutrons that induce fissions. The in-group
scattering rate, Σs,g←−gϕg(r⃗ ), is subtracted from both sides and Fick’s law, Equation (2.16),
is applied to derive the multigroup neutron diffusion equation (2.17).
J⃗g(r⃗ ) = −Dg(r⃗ )∇ϕg(r⃗ ) (2.16)
−∇ · Dg(r⃗ )∇ϕg(r⃗ ) + Σr,g(r⃗ )ϕg(r⃗ ) =
H∑
h=1,h̸=g







Where D represents the directional diffusion coefficient tensor, and Σr the removal cross-
section defined by Σr,g = Σt,g − Σs,g←−g.
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For a two-group calculation, the diffusion equation can be simplified by assuming that
neutrons cannot be accelerated by scattering (Σs,1←−2 = 0), and that all fission neutrons
are in the fast spectrum (χ1 = 1, χ2 = 0). The equations are then:
−∇ · D1(r⃗ )∇ϕ1(r⃗ ) + Σr,1(r⃗ )ϕ1(r⃗ ) =
1
keff
[νΣf,1(r⃗ )ϕ1(r⃗ ) + νΣf,2(r⃗ )ϕ2(r⃗ )] (2.18)
−∇ · D2(r⃗ )∇ϕ2(r⃗ ) + Σr,2(r⃗ )ϕ2(r⃗ ) = Σs,2←−1(r⃗ )ϕ2(r⃗ )
2.7 Fissile nuclide content
The fissile nuclide content, FNC, (analogous to enrichment in uranium-based fuels) is in-
troduced in this work to refer to the composition of fuels. It is expressed as a percentage





While not fissile itself, 233Pa is included in the calculation as a “future” fissile nuclide. The
FNC calculation also includes 235U since it appears in small concentrations in the thorium





























Figure 2.1: Paths for the production of 233U and 235U in the thorium fuel cycle.
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2.8 Coolant void reactivity
The coolant void reactivity, CVR, is an important safety parameter. It is defined as the
excess reactivity gained when the coolant is voided (viz., evaporates):
CVR = ρvoided − ρcooled [mk] (2.20)
While PT-HWR designs generally have positive CVR values, whether this is a significant
safety concern has been debated [29]. Some boiling water reactors (BWR) have very large
negative CVR values, which can result in dangerous power transients in the event of a void
collapse. Thus a desirable CVR is one with a small magnitude, regardless of sign.
2.9 Breeding ratios
The degree to which a fuel cycle is self-sufficient is generally expressed as a ratio of fissile
nuclei produced to those destroyed. This is generally called the breeding ratio or the





In a heterogeneously-fuelled reactor, the conversion ratio is not a meaningful parameter
except when referring to an individual fuel type or a single lattice cell. Instead, the fissile









where z represents each burnup zone and r the heavy element mass refueling rate in kg·d-1.
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2.10 Effect of protactinium-233
As shown in Equation (1.1) and Figure 2.1, 233Pa is the intermediary nuclide between 232Th
and 233U. Unlike 239Np, its analogue in the 238U/239Pu cycle, it has a relatively long half-
life (∼27 d). Combined with its high capture cross-section (42.5 b at thermal energies [7],
500 b resonance integral [30]), this makes it a rather problematic aspect of the thorium fuel
cycle. A neutron capture in 233Pa not only weakens the neutron economy in itself, it also
effectively removes a fissile nuclide from the fuel. As shown in (2.13), the accumulation of
233Pa is based on the flux (and therefore power) as well as the duration of exposure (i.e.,
the Burnup). As a result, a rise in power actually causes a loss of reactivity. Although this
occurs too slowly to be considered a safety benefit, it may help flatten the flux and power
distribution in the core [31] (in a manner similar to 135Xe ).
2.11 Infinite lattice cell
When modelling lattice cells, the outer square boundary is generally assumed to be entirely
reflective. This signifies that the number of neutrons that leak from the cell is assumed to
be equal to the number that leak into it from adjacent cells. In this case the lattice cell is
said to be infinite and the multiplication factor is denoted by k∞. This can be converted
to keff by accounting for the reactivity lost to full-core leakage and the reactivity devices.
These two factors account for approximately 48 mk worth of reactivity [32]. The conversion
is therefore:







2.12 Time-average and instantaneous power
The time-average power calculation is a unique aspect of reactors with online refuelling.
Since the fuel properties and power balance is constantly changing in these reactors, a
model is required to determine the equilibrium neutronic properties of the core. As previ-
ously mentioned, full core simulations typically involve the solution of the neutron diffusion
equation. The lattice cross-sections in this equation are dependent on the material compo-
sition of the fuel, which is in turn dependent on the burnup and isotopic depletion. The
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time-average calculation resolves this issue by averaging the macroscopic cross-sections for







Where BUin and BUout represent the values of burnup when fuel enters and exits the bundle
position in question.
In contrast, the instantaneous power calculation depends on having a “snapshot” of the
reactor and using the lattice properties at the specified burnup values. PT-HWR station
reactor physicists typically use instantaneous calculations to track the operating history of
their core and predict its behaviour in advance of transients and refuelling operations.
2.13 Power Ratios
The ratio of the maximum and average bundle powers (BP) is referred to as the Bundle










The ratio of the instantaneous and time-average channel powers (CP) for a given channel
is referred to as the refuelling ripple. The channel power peaking factor (CPPF) is defined
as the maximum value of the ripple and is calculated by Equation (2.27) wherein c is the
index for fuel channels.







The theoretical basis of this work has been covered in brief, but can be found in further
detail in References [8, 24–28]. To obtain a more qualitative understanding of the state of
thorium fuel cycle research in PT-HWRs, an overview of the available literature shall be
given in Chapter 3.
Chapter 3
Literature Survey
The existing literature on the thorium fuel cycle is broad and dates back to the earliest days
of nuclear power research. When constrained to net breeding cycles in PT-HWRs, the field
is more narrow and most sources date prior to the 1990s. The pertinent available work is
summarized in this chapter.
3.1 Early work
“In considering reactors suitable for thorium utilization, one must not forget that
there is an important difference between reactors specially designed for thorium
use and requiring the development of a new technology and the ones based upon
currently available technology, which could be adapted progressively to use the
thorium cycle without important modifications. Heavy-water reactors which are
already at an advanced stage of development should be favourably considered
in this respect.” [33]
Pressurized Heavy Water Reactors (PHWR) were considered an early frontrunner for the
implementation of the thorium fuel cycle. Investigations to this effect were carried out to
varying extents in Australia [34], Brazil [35], Canada, France [33], India [36], Germany [33],
the Netherlands [33], and the United States. A number of International Atomic Energy
Agency (IAEA) symposia have been held on the thorium fuel cycle, and the IAEA has
produced documentation on the state of knowledge and current international experience
[5, 33, 37–39].
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3.1.1 Canadian experience
The inception of Canadian interest in thorium as a power reactor fuel can be traced back
to a report by W.B. Lewis in 1947, five years before the establishment of Atomic Energy of
Canada Limited (AECL) [1]. The majority of legacy research at AECL was conducted and
published between the 1960s and 1980s.
There is extensive experience in fabrication and irradiation of thorium-based fuel pellets
dating from this period [40]. Irradiation experiments at AECL began in 1962 and were
continuing as recently as 2005 [41]. Irradiation experiments have been performed in the
NPD, NRX, NRU, DP, and WR1 reactors1. Three sets of critical experiments have also
been performed in the ZED-2 reactor2: in 1966 using 1.5% highly enriched uranium (HEU)
additive [42], in 1986 using 2.2% Pu (1.8% fissile), and in 1991 using 1.4% 233U. Canada
pursued recycling systems and methods at Whiteshell Laboratories [43], but discontinued
this work in the late 1970s [44] because OTT cycles were seen as more convenient, in par-
ticular when boosted with slightly enriched uranium (SEU). This effort was re-established
in the late 90s.
The early physics work envisaged 1200 MWe CANDU reactors operating on an SSET cycle
to a discharge burnup of 10 MWd·kg-1 [45–48]. Reactor physics calculations carried out with
the LATREP (Lattice Recipes) code were presented at several conferences around this time
(particularly by Milgram [31, 49]). The key problem areas were identified as the sensitivity
of the viability of the SSET cycle to economics and the achievable discharge burnup.
An additional problem was the long half-life and relatively high absorption of 233Pa [30].
In order to improve neutron economy to account for this, some solutions were suggested
by Slater [46], and have been re-iterated many times subsequently. One option is to derate
the reactor (i.e., decrease the operating power) to reduce parasitic absorptions and increase
breeding. Based on a simple neutron balance model, a 40% reduction in power was found
to result in a 4% increase in the conversion ratio. Other solutions included increasing the
heavy water purity of the moderator, a more neutronically efficient material for the fuel
sheath and structural materials, and removing the adjuster rods. All of these concepts
pose a significant challenge to maintaining the capital cost of the reactor and the economic
viability of the fuel cycle.
1These are the Nuclear Power Demonstration, National Research Experimental, National Research Uni-
versal, Douglas Point, and Whiteshell reactors, respectively.
2Zero Energy Deuterium reactor, located on the Chalk River site
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Although a 1200 MWe CANDU reactor has never been built, the design of safety systems
has remained relatively unchanged. Veeder (who was also very active in SSET research)
found that a switch to the thorium fuel cycle would result in no effect on the capability
of CANDU safety systems to control the reactor [47]. Although 233U has lower average
delayed neutron fraction and lower mean neutron lifetime than 235U, the control of fast and
slow transients was predicted to be similar or better than NU reactors.
The practical fuel management perspective of thorium-fuelled CANDU reactors was heavily
investigated by Bonin in the 1980’s. His doctoral thesis [50] and subsequent work [51–
53] presented the mathematical optimization of the fuel management strategy in a one-
dimensional representation of the reactor, seeking to minimize the cost of the fuel cycle and
maximize reactor availability. A continuation of this work was performed by Tingle [54], a
graduate student under the supervision of Bonin. Tingle studied startup transients and fuel
management schemes for approach to equilibrium. His masters dissertation analyzed four
cycles: natural uranium, plutonium mixed oxides (MOX), SSET and direct use of spent
PWR fuel in CANDU (DUPIC).
3.1.2 International experience
PHWRs were also investigated in the early days of the Swedish nuclear program [55]. Self-
sustaining thorium cycles were studied in a Swedish PHWR design based on a flexible core of
uniformly-arranged non-clustered fuel rods. Due to the flexibility of the core, special focus
was placed on varying the moderator-to-fuel volume ratio. It was found that a higher ratio
also allowed higher burnup, but resulted in lower breeding ratio. The conclusion reached
was that a fuel of 1.5 wt% 233U and a moderator-to-fuel volume ratio of 10-15 was most
suitable for a self-sustaining cycle. It should be noted that the moderator-to-fuel ratio of a
37-element bundle in a PT-HWR lattice is approximately 13.8. Later Swedish work in this
area [56] suggested that to improve the prospects for breeding, the CANDU reactor would
benefit from a redesign to a pressure vessel type (essentially resulting in a heavy water
moderated PWR). This was justified by the gain in reactivity resulting from the absence
of pressure tubes and calandria tubes, and a modular seed-and-blanket design. Metallic
thorium fuel was also explored.
The International Nuclear Fuel Cycle Evaluation initiative was formed in 1977 by 22 coun-
tries to study various aspects of the development of nuclear energy. Working group 8,
which was responsible for advanced fuel cycles and reactor concepts, published reports on
the use of thorium in heavy water reactors [57–59]. This report was followed up with further
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data from AECL [60]. The main advantages of this approach was stated to be the lack of
costs associated with developing a new reactor design and the availability of component
manufacturing capability since PHWRs were already well established. Furthermore, the
use of thorium resources was seen as insurance against uranium shortages, regardless of
severity. In addition to higher purity heavy water and neutronically improved components,
multi-zonal cores were suggested as a characteristic method of aiding neutron economy in
an SSET cycle. The most important aspect affecting neutron economy was stated to be
leakage from the core, which necessitated large reactor units for SSET cycles. Cross-section
uncertainties, fuel fabrication, and reprocessing technology were suggested as avenues of
further research and development.
A book on high converting water reactors by Ronen [61] explored the various concepts being
considered at the time. While the main bulk is dedicated to the 238U-239Pu cycle in light
water reactors, the final three chapters discuss heavy water cooled PWRs, pressure-tube
reactors, and the thorium fuel cycle in CANDU-type reactors.
An extensive report prepared for the European Commission Directorate General of Science,
Research and Development [44] discussed thorium fuel fabrication, reprocessing, applica-
tion of thorium to conventional reactors and accelerator-driven subcritical systems, and an
overview of national programmes. According to the last section, the United States pur-
sued thorium in light water breeder reactors and molten salt reactors. The US research
programme had gathered significant expertise in fabrication and reprocessing before the
national ban on fuel reprocessing in 1975 forced abandonment of this work.
The Shippingport LWBR represented the main American thrust into water-moderated
breeders. This reactor was developed at Bettis Atomic Power Laboratory, operating be-
tween 1977-82. The fuel summary report [16] details the history, reactor and fuel infor-
mation, fuel evaluation, and end of life activities. The reactor itself was a pressure-vessel
hexagonal core, and used 39 movable fuel modules (similar to ZED-2) to configure and con-
trol the core. The configuration consisted of four fuel regions: seed (4-5% 233U), standard
blanket (1.2-2.0% 233U), power-flattening blanket (1.6-2.8% 233U), and reflector blanket
(natural thoria). Shippingport actually produced electrical power, but was restricted to low
overall burnup (4.2 MWd·kg-1) and a maximum output of 72 MWe.
The US generated between 2 and 3 tons of 233U in the early stages of their nuclear weapons
research programme [44, 62]. Approximately 428 kg of this is remaining in storage at Oak
Ridge National Laboratory (ORNL) and is set to be disposed of as radioactive waste by
2018. This stockpile would be a highly valuable resource for a thorium breeder reactor, but
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the US Department of Energy (DOE) has maintained their intent to dispose of it as it is
regarded as a proliferation risk.
India has a strategic national interest in the thorium fuel cycle due to large thorium deposits
in the form of monazite sands [44] and limited uranium resources [36]. As a result, India
has extensive fabrication, irradiation, and reprocessing experience. The Advanced Heavy
Water Reactor (AHWR) was designed specifically in India as a PHWR optimized for the
thorium fuel cycle [36]. The AHWR is similar to the standard PT-HWR, but is boiling
light water cooled [63], vertically-oriented, and utilizes a 54-element cluster with graded
enrichments of low-enriched uranium (LEU) mixed with Thorium. Like Shippingport, the
reactor power is relatively low (920 MWth, 300 MWe).
Pacific Nuclear Fuels, Inc. filed a patent in 1976 in the United States [64] for a light water
reactor using SEU and a thorium blanket to breed 233U, but the design was not pursued
any further.
3.2 Modern experience
In recent years, there has been a resurgence of thorium fuel cycle research at AECL, now
named Canadian Nuclear Laboratories (CNL). While fabrication and testing has continued
[65], the overall reactor physics and fuel cycle research strategy has focused on the viability
of options in the short to intermediate term. The development and commercial adoption
of fast reactors may require significant economic backing [15], more so than advanced fuel
cycles in the currently-existing PT-HWR [66]. Thus the emphasis has been placed on
once-through cycles, due to their economic viability (compared to SSET cycles) in the
near to intermediate time frame [67]. Simulations of heterogeneous seed-and-blanket core
configurations using reactor-grade plutonium have been particularly studied, and in fact
filed for patent [68]. In the long term, the business-as-usual approach, OTT cycles, OTT
with recycling, or any method requiring cheap uranium will not be sustainable: [66]
“However, it should be noted that all the scenarios studied run out of cheap
natural uranium between 2070 and 2090 and therefore none can really be termed
sustainable. The establishment of a partially closed thorium fuel cycle, where U-
233 alone is recycled, will mitigate the coming resource exhaustion but not avoid
it. The creation of a viable SSET, or an inexpensive process for the extraction
of [natural uranium] from seawater, are the only apparent options for long term
sustainability.”
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A number of once-through thorium cycle studies in CANDU reactors have been conducted
by researchers in the Republic of Turkey [69]. Papers by the same group of authors have
explored using LWR spent fuel [70], weapons-grade plutonium [71], and reactor-grade plu-
tonium [72] as the priming fissile material. They have also explored an unconventional
once-through cycle using thorium carbide fuel with 233UC2 as the fissile component [73].
These studies have generally concluded that these fuel cycle options are feasible and demon-
strate the robustness of the CANDU/PT-HWR design.
Studies by Margeanu and Rizoiu of the Institute for Nuclear Research in Pitesti, Romania
have included lattice calculations of OTT thorium lattices using DRAGON [74, 75]. They
have also investigated the evolution of minor actinide concentration and compared some
of their DRAGON results with the Winfrith Improved Multigroup Scheme (WIMS) code
(note: the original code, not the AECL version).
A group of researchers at the Institute of Theoretical and Experimental Physics in Moscow
have specifically studied various schemes for an SSET CANDU [76], its optimization [77]
and operation [78]. Their work has concurred with previous AECL findings that if low
burnup scenarios (i.e., <10 MWd·kg-1) are implemented, a self-sustaining fuel cycle can be
attained without any new technology.
A dynamic analysis of material flows in closed and partially closed (with makeup from
DUPIC) thorium fuel cycles in the Korean CANDU reactor was performed using the DY-
MOND code [79]. It was found that while both options significantly reduced the amount
of required mined uranium, spent fuel, and higher actinides, the partially closed cycle was
actually both more effective and feasible.
The thorium fuel cycle has also been an important field of study within academia. Holmes
recently developed an automated refuelling tool (CANFUEL) for version 4 of DONJON,
specifically geared towards the use of thorium fuel in the CANDU reactor [80]. Friedlander
evaluated spent fuel characteristics and reactor park systems using advanced thorium cycles
using the Oak Ridge Isotope Generation and Depletion (ORIGEN) and Dynamic of Energy
System — Atomic Energy (DESAE) codes, respectively [81]. In particular, he studied a
system in which plutonium derived from spent PWR fuel would be used as a driver to
support CANDU reactors on a recycling thorium fuel cycle.
Guillemin recently investigated high converting thorium cycles in the PWR and CANDU
using the Monte Carlo N-Particle (MCNP), DRAGON, and DONJON codes. It was found
that while the CANDU could attain net breeding without any modifications to the reactor,
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the PWR could not do so in the thermal spectrum. In order to harden the spectrum,
the coolant and moderator of the PWR was replaced with heavy water. This resulted in
large gains to the conversion ratio, but the PWR was again not self-sustaining. The work
conducted by Guillemin was followed up by a further study [82], which reconfirmed the low
breeding potential of PWR reactors and performed further optimization of the CANDU
option.
The International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) was
formed by the IAEA to study advances in nuclear reactor design and advanced fuel cycles.
INPRO first laid out a methodology for the assessment of the long term sustainability of
innovative concepts. They then formed collaborative projects between nations covering a
number of fields. The project on investigation of the thorium fuel cycle included Canada,
China, India, France, the Republic of Korea, Russia, Slovakia, Ukraine, and the European
Commission. The final report of this project [40] outlines in detail the past international
experience and R&D efforts around the world. A number of scenarios, economic analyses,
and proliferation resistance considerations are given for the introduction of thorium into
global fuel cycles. Almost all of the scenarios simulated include HWR in some capacity,
and the report concludes that heavy water reactors benefit more from thorium fuel cycles
than light water reactors.
Candu Energy, the current licensee of the CANDU reactor, has recently developed a fuel-
flexible iteration of the Enhanced CANDU 6r called the Advanced Fuel CANDU Reactor
(AFCRr) [83] as a joint venture with the China National Nuclear Corporation [84]. These
reactors are currently aimed at exploiting natural uranium equivalent (NUE) fuel, but are
also planned to use thorium fuels in the future.
Finally, the Nuclear Fuel Cycle Evaluation and Screening Report [85] was released by the
U.S. Department of Energy (DOE) Office of Nuclear Energy in 2014. This study sought
to identify the most promising (strictly technology-neutral) fuel cycle options that had the
potential to offer improvements over the current American fuel cycle. The benefits and
challenges of each option were characterized and quantified. The four cycles determined to
be most promising all require continuous recycling of uranium, plutonium, and transuranics,
and all require (at least in part) the development of fast reactors. Of the additional 11 cycles
determined to be also potentially promising, only one did not require the development of
new reactor systems (i.e., fast spectrum reactors and externally driven systems). This
option (labeled EG26) was the continuous recycle of 233U/Th with new Th in thermal
critical reactors (i.e., the cycle studied in this thesis).
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3.3 Startup case
The work performed in this thesis will apply to an equilibrium core, once a 233U inventory
has already been established. Options for building up 233U inventory have been investigated
thoroughly, mostly in the form of OTT cycle studies. These concepts typically utilize
external enriched uranium and plutonium as the initial fissile component. The spent fuel
from these cycles still contains a significant amount of 233U, and can be cooled and used in
an incrementally breeding cycle, or stored for future use. A survey of some of this work, in
addition to what has already been presented, is given in this section.
A critical portion of the life of a breeder reactor is the running-in period, the time between
start-up (when there is no 233U in fuel) and full self-sufficiency. This transitional state
was studied by Dormuth and Lidstone at Whiteshell [86]. The 1200 MWe CANDU was
initially fuelled with a mixture of thorium and plutonium recovered from spent PHWR fuel
(specifically from the Pickering nuclear generating station). The 233U bred in this reactor
was recycled back into the fuel cycle until full SSET was achieved. After the 16.5 year
study period, the equilibrium fuel composition of 1.5 wt% was reached. The total fissile
plutonium required over the life of the reactor is estimated at 12.3 tons.
An alternative strategy, which has been studied more, is the development of OTT cycles
[87]. These options generally do not advocate reprocessing of spent fuel in the short to
medium term and are focused on economic implementation of the thorium fuel cycle in
the short term. More recent studies along this line have specifically sought to optimize
the breeding ratio and develop options for moving towards self-sufficiency in fuel [88]. The
strategy proposed is to use presently-available natural uranium (NU) and LEU to convert
thorium to 233U in the short term, and use plutonium from reprocessed PWR spent fuel
in the medium term. The bred 233U inventory is safeguarded in spent fuel until recycling
technology is better developed and more economically viable. This in effect creates a 233U
“mine” [15, 89] for future exploitation, and importantly does not require immediate or near
term deployment of reprocessing technology. AECL has even investigated thorium blankets
in fusion devices as a method of breeding 233U [90]. This concept has been approached
again recently [91, 92].
A practical fuel management study of OTT cycles was prepared by Chan [93] using the
WIMS-AECL and RFSP codes. This work found that the adoption of the thorium fuel
cycle necessitated no major modifications to the CANDU reactor in order to meet existing
design limits. Furthermore, this cycle resulted in better fuel utilization and lower CVR
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than NU-fuelled reactors. Heterogeneous fuel bundles and heterogeneously-fuelled reactors
were considered as part of this study.
3.4 Economics
The trend of the price of uranium in USD since 1988 is shown in Figure 3.1. Barring a large
spike in 2007 (the so-called uranium bubble) the spot price has remained well below what
is needed to make reprocessing thorium fuel cycles viable.
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Figure 3.1: Historical trend of the price of uranium (U3O8), adapted from [2].
The persisting low cost of uranium and the high cost of spent fuel reprocessing have been
the greatest barriers to the implementation of the thorium fuel cycle. It should be noted
that the fuel cycle costs are a relatively low portion (estimated between 20-30% [94]) of the
overall cost of commercial nuclear power generation. Uranium accounts for approximately
45% of the fuel cycle cost, and therefore approximately 10% of the overall cost. As a result,
even fairly large increases in the price of uranium can be tolerated by the commercial nuclear
industry.
Over the history of thorium fuel cycle research, economic analyses have been performed a
number of times. The conventional wisdom states that the cost of adoption of an OTT
cycle is far less than that of one that depends on reprocessing. An early Swedish study [55]
found that fuel costs in a SSET PHWR (of Swedish design) were comparable with those
of a NU-fuelled PHWR if large reprocessing facilities were already available. This result is
not corroborated by other literature, and may be attributed to the simplicity of the model
given the time period of the study.
Despite being less optimistic about the competitiveness of thorium cycles, AECL pursued
them strategically [94], as insurance against uranium shortage and viewed the SSET cycle
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as a guarantee of the long-term viability of the CANDU reactor [95] especially due to the
prohibitively high cost of developing fast breeders [45]. The SSET cycle was acknowledged
to carry a penalty of 20% in the cost of power generation, when compared to optimal tho-
rium cycles [45]. The reference economic data provided in Reference [96] gives the cost of
several steps of various fuel cycles, as estimated in 1984. The costs of interest to this work
are shown in Table 3.1.
Table 3.1: The costs of various aspects of the uranium and thorium fuel cycles, as esti-
mated in 1984, given in 1984 CAD from [96]. At the time 1 USD = 1.3 CAD.
Natural uranium (U3O8) $100 ·kg-1
Natural uranium (UF6) $110 ·kg-1
Natural thorium (ThO2) $50 ·kg-1
Enrichment $175 ·kgSWU-1
Fabrication of thorium MOX fuel $315 ·kg-1
Reprocessing of thorium MOX fuel $365 ·kg-1
Production of 233U by accelerator $375 ·g-1
More recent cost estimates [97] for the various steps of the cycle are shown in Table 3.2.
Table 3.2: The costs of the components of a recycling thorium cycle as estimated in 2013,
given in 2013 USD from [97].
Fabrication of natural uranium (UO2) $300 ·kg-1
Fabrication of natural thorium (ThO2) $300 ·kg-1
Reprocessing of spent ThO2 to remove
233U, fission products, actinides $700 ·kg-1
Refabrication of ThO2 from reprocessed ThO2 $300 ·kg-1
Fabrication of ThO2 with 3%
233UO2 $1100 ·kg-1
Disposal of reprocessing leftover $4400 ·WDecayHeat-1
In 1978, high burnup cycles depending on recycling and topping with external nuclides were
considered to be competitive with NU cycles at a uranium price of $120·kg-1 [59], $150·kg-1
[95], or $200·kg-1 [47]. The costs of an SSET cycle were considered to be even higher, due
to the generally lower burnup of these cycles, which results in more frequent reprocessing
and fabrication. A more recent analysis by INPRO [40] found that reprocessing cycles may
be competitive with OTT at a uranium price of $400·kg-1. However, given the relatively
low contribution of the fuel cycle to the overall operating cost of a commercial plant, the
difference between these fuelling options is actually relatively small [47].
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The key point that can be gleaned from the 2007 bubble is that the uranium market is prone
to uncertainty, speculation, and fluctuation like other commodities, in spite of the fact that
most nuclear plant operators have long-term fuel supply contracts. In the intermediate
future, the price of uranium may reach the point that it may be prudent for uranium-rich
nations like Canada to strategically adopt the thorium fuel cycle domestically and exploit
the higher selling price of uranium internationally (analogous to an oil-rich country pursuing
nuclear power).
It should be noted that thorium itself has never been mined individually, and that existing
resources are a byproduct of mining of rare earths, titanium, and iron ore. As a result,
there is no standard classification for thorium resources and there is no indexed thorium
market similar to that which exists for uranium [98].
Milgram argued in Reference [15] that there was no pressure to implement thorium fuel
cycles as long as the natural uranium cycle remained economically and operationally com-
petitive, but warned that the cost of implementing these cycles would increase in the future.
He stated that the earlier adoption of thorium fuel cycles would result in a negligible cost
increase in the short term, but would pay large dividends in the future.
“The entire analysis of advanced fuel cycles hinges on such questions as - what
discount rate is realistic, when will reserves begin to deplete, how much uranium
is economically exploitable, which route allows maximum flexibility, and a host of
others. Our actions today, even our inactions will profoundly affect the future.”
3.5 Regulatory considerations
The current Canadian regulatory framework for design of reactor facilities is outlined by
the Canadian Nuclear Safety Commission (CNSC) in REGDOC-2.5.2 [99]. Since one of the
criteria of this thesis is to not alter the reactor design, the safety design and management,
and general design requirements of the developed system will already be observed. The
system-specific requirements for the fuel and reactor core are covered by section 8.1 of
REGDOC-2.5.2. Some key points that have implications on this work are discussed in
this section. To accurately frame the requirements, they will be quoted directly from the
regulation, Reference [99]. The CNSC definitions of some of the terms used below are given
in Appendix C.
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“The nuclear design should establish:
• neutron flux spectrum above 1 million electron volts (MeV) in the core, at the
core boundaries, and at the inside vessel wall, if applicable;
• assumptions used in the calculations, these include the power level, the use
factor, the type of fuel cycle considered, and the design life of the vessel;
• computer codes used in the analysis;
• the database for fast neutron cross-sections;
• the geometric modelling of the reactor core, internals, and vessel(s);
• uncertainties in the calculations.” [99]
These parameters shall be described throughout the body of the work.
“The design of the reactor core should provide confidence that the permissible
design limits, under operational states, DBAs and DECs, are not exceeded” [99]
Within the scope of this work, the key design limits that must be adhered to are those
on maximum channel and bundle powers. Although detailed analysis of the behaviour of
thorium-fuelled reactors in design basis accidents (DBA) and design extension conditions
(DEC) is beyond the scope, postulated events caused by increased complexity in the fuel
management scheme shall be simulated.
“The design limits for the power densities and power distributions should be
determined from an integrated consideration of fuel design limits, thermal limits,
decay heat limits, and [anticipated operational occurrence] (AOO) and accident
analyses.” [99]
Although detailed analysis of the limits of thoria-based fuels has not been performed, the
existing limits on urania fuels have been applied. Since thoria has a higher melting point
and thermal conductivity and a lower coefficient of thermal expansion and fission gas release
rate, the urania limits are anticipated to be conservative for thoria fuel.
“For power distribution, the reactor core design should demonstrate [that] . . . there
is a high level of confidence that the proposed design limits can be met within
the expected operational range of the reactor [and that]. . . there is a high level of
confidence that, during normal operation, the design limits will not be exceeded,
based on consideration of information received from the power distribution mon-
itoring instrumentation . . . The design limits for power densities (and thus for
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peaking factors) during normal operation should be such that acceptable fuel de-
sign limits are not exceeded during AOOs and that other limits are not exceeded
during DBAs and DECs. The design limits, along with related uncertainties, op-
erating limits, instrument requirements, and set-points, should be incorporated
into [operational limits and conditions] (OLCs).” [99]
Since there is no physical reactor component to this work, confidence in the ability of meet-
ing the limits must be demonstrated by simulation of the normal operation and refuelling
cycle of the reactor. This will be accomplished by performing full-core time-average and
instantaneous power calculations, meant to simulate reactor behaviour in steady state and
refuelling transient conditions.
“The breakdown of design power distributions into the following components
should be established:
• power generated in the fuel
• power generated directly in the coolant and moderator
• power generated directly in the core internals” [99]
This capability is not available in the DRAGON/DONJON toolset or reactor physics models
in general. In the case of further continuation of this work, the power distribution between
the lattice and core components should be determined using thermohydraulic analysis.
“The reference design core power distributions (axial, radial, and local distri-
butions and peaking factors) used in AOO and accident analyses should be
established . . . The nuclear design should ensure that the criticality of the reac-
tor during refuelling is controlled. If on-power refuelling is used to compensate
for core reactivity depletion, the nuclear design should establish the values of
core excess reactivity, maximum local powers, amount of fuel loaded per refu-
elling operation and frequency of refuelling load. The design should also ensure
that the maximum core excess reactivity and predicted local power peaks will
not exceed the control system capability and fuel thermal limits . . . Power oscil-
lations that could result in conditions exceeding specified acceptable fuel design
limits should be reliably and readily detected and suppressed.” [99]
These requirements are the focus of the work presented in Sections 6.2.4 and 6.2.5.
“The analytical methods and database used for nuclear design and reactor
physics analyses should be consistent with modern best practices. . . . The design
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should be such that the analytical methods used in the nuclear design (including
those for predicting criticality, reactivity coefficients, burnup and stability) as
well as the database and nuclear data libraries used for neutron cross-section
data and other nuclear parameters (including delayed neutron and photo neu-
tron data and other relevant data) are adequate and fit for application, based on
adequate qualification. The qualification should be based on proven practices
for validation and verification, using the acceptable codes and standards.” [99]
As will be discussed in Section 3.6, DRAGON and DONJON have been validated against
measurements from physical reactors and are accepted as part of the industry standard
toolkit (IST). The nuclear cross-section database used in this work, ENDF/B-VII.1 [7] is
the latest available cross-section library developed at Brookhaven National Laboratory and
has been extensively benchmarked and tested. The ENDF/B series of nuclear data libraries
are in widespread use internationally in the nuclear industry.
“The refuelling scheme should be developed to ensure that the intermediate
refuelling configurations do not have more reactivity than the most reactive
configuration approved in the design. The core parameters for the intermediate
configurations should be within their approved limits . . . The design should take
into account the details of fuel management strategy including the loading of
fuel into the fresh core, and the criteria for determining the location of fuel
assemblies to be unloaded from the reactor and loaded with fresh fuel.” [99]
The fuel management process and criteria for refuelling channel selection are detailed in
Section 6.2.2.
The Canadian Standards Association (CSA) N286 standards [100] provide requirements
on the management and quality of the design of nuclear facilities and are integral to the
operating licenses of Canadian nuclear plants. There are however no specific standards on
fuel design or fuel management. Since the PT-HWR reactor design is not altered, standard
operating procedures and management systems at existing power plants should enforce
compliance with the requirements set out in N286.
Finally, it should be noted that although plants for “the processing, reprocessing or sep-
aration of an isotope of uranium, thorium or plutonium” or those for “the manufacture
of a product from uranium, thorium or plutonium” are categorized as Class IB facilities
by the CNSC [101], there are currently no specific regulations that govern their design or
operation.
Chapter 3. Literature Survey 32
3.6 Toolset validation and uncertainty
A description of reactor physics codes used to model CANDU reactors is given in Reference
[102]. DRAGON is noted for its rigorous treatment of transport problems, particularly
in supercell models. DRAGON and DONJON have been validated against the Gentilly-2
CANDU-6 reactor [103]. In this study, DRAGON was used to model the fuel lattice and
reactivity devices, and DONJON was used to simulate the operating history of the reactor
over 220 full power days (FPD). The result of the DONJON simulation was compared to
measurements made with vanadium in-core detectors at the Gentilly station. The relative
error was found to be within the margin of error of the codes already used in the Canadian
nuclear industry to model CANDU reactors [103]. This error decreased with elapsed time,
as more channels are refuelled. The study also includes a simulation of the inter-calibration
of liquid zone controls and adjusters, with minimal error in calculation. It is concluded that
the DRAGON and DONJON toolset is effective and efficient for modelling and simulation
of power reactors [103].
Even in the early days of thorium fuel cycle research, the largest sources of uncertainty
(particularly in lattice cell calculations) were known to be those associated with the nuclear
cross-sections [45, 46]. For example, an error of ±1 mk resulting from fission product
concentrations can result in a difference of ±500 MWd·T-1 in the discharge burnup [47];
this is five times more sensitive than a NU-fuelled reactor. In particular, the cross-sections
of 232Th, 233Pa, and 233U are not as well studied and characterized as those of the nuclides
associated with the 235U and 239Pu fuel cycles [104]. This is of significant concern when
simulating thorium-fuelled reactors, especially those dependent on breeding, as these fuel
cycles are especially sensitive to variations in cross-sections [82]. Until better nuclear data
libraries are developed, these uncertainties must be tolerated.
Chapter 4
Methodology
The analytical tools, models, and experimental approach will be outlined in this chapter.
4.1 Toolset
Calculations were performed using the DRAGON and DONJON open-source reactor physics
codes developed at École Polytechnique de Montréal. Both codes were written in Fortran
and are accessed using input files written in the CLE-2000 control language [105]. The
industrial equivalents to DRAGON and DONJON are WIMS-AECL (Winfrith Improved
Multigroup Scheme - Atomic Energy of Canada Limited) and RFSP (Reactor Fuelling
Simulation Program), respectively. DRAGON itself is part of the CANDU Owners Group
(COG) IST.
DRAGON is a lattice physics code that solves the multi-group neutron transport equation
(2.1), and was used to model the two-dimensional infinite lattice cell over a range of burnup.
Version 4.0.5 of DRAGON [13] was used in conjunction with the open-source 69-group
ENDF/B-VII.0 nuclear data library provided by the WIMS Library Update Project [106]
in the WIMS-D4 format. As previously mentioned, DRAGON homogenizes and condenses
the solution to the transport equations into a few-group homogeneous unit cell. The lattice
cell macroscopic cross-sections are stored in a simplified reactor database file generated by
the CPO: module.
DONJON is a finite reactor physics analysis code which solves the few-group neutron diffu-
sion equation (2.17). Version 4.0.5 of DONJON [14] was used to model the three-dimensional
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reactor core. The CPO standard data structure files generated by DRAGON are used to
define the fuel channel properties, as shown in Figure 4.1 and described in Section 2.6.
    DRAGON                    DONJON
      Model                          Model
Figure 4.1: Representations of the 2-D lattice cell and 3-D full core modelled in DRAGON
and DONJON, respectively.
Full core calculations are performed in two stages. The time-average calculation is a unique
aspect of online-refuelled reactors. Due to almost continuous refuelling and burnup, bundle
powers are constantly fluctuating. In order to simulate the core at steady state conditions
and equilibrium burnup distribution, the macroscopic cross-sections are averaged over the
dwell time for each channel. The time-average calculation is described in detail in Section
6.3 of Reference [28]. Time average power calculations are performed in DONJON using
the TAVG: module.
The second step in the core analysis process is the instantaneous power simulation, which
solves the neutron diffusion equation at “snapshots” in time. While time-average calcula-
tions provide an estimate of the equilibrium distribution in the reactor, they do not well
represent the real-time operations or refuelling-induced power transients. Over the refu-
elling cycle of a bundle, its instantaneous power tends to fluctuate about its time-average
power. Instantaneous power calculations are performed in DONJON using the TINST:
module.
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The inputs to and outputs from DRAGON and DONJON are shown in Table 4.1.
Table 4.1: DRAGON and DONJON inputs and outputs with typical values.
DRAGON DONJON
Input • Absolute Temperature of Fuel • Macroscopic Cross-sections
◦ e.g., 941 K ◦ CPO file(s) from DRAGON
• Mass Density of Mixture • Total Reactor Power
◦ e.g., 10.0 g·cm-3 ◦ e.g., 2061.4 MWth
• Composition of Fuel • No. of Neutron Energy Groups
◦ e.g., 86.6 wt% 232Th ◦ e.g., 2 Energy Groups
12.1 wt% 16O • Average Discharge Burnup
1.28 wt% 233U ◦ e.g., 7.5 MWd·kg-1
• Bundle Geometry • Fuel Map
◦ e.g., 37-Element ◦ e.g., Figure 6.2
• Average Specific Power • Fuel cell lattice pitch
◦ e.g., 32 kW·kg-1 ◦ e.g., 28.575 cm
• No. of Neutron Energy Groups • Fuel Heavy Element Mass
◦ e.g., 69 Energy Groups ◦ e.g., 19.2 kg
• Burnup time limit • Combustion Zones
◦ e.g., 500 days ◦ e.g., Figure 6.2
Output • k∞ • keff
◦ e.g., 1.02, Figure 5.2b ◦ e.g., 1.002
• Isotopic Concentrations • Bundle and Channel Powers
• Macroscopic cross-sections • Burnup Distribution
◦ e.g., CPO file(s) • Core Flux Distribution
• Lattice Cell Flux • Axial Flux Distribution
◦ e.g., 4.65× 1014 n·cm-2·s-1 • Refuelling Rate per Channel
4.2 Description of model
As previously described in Chapter 2, the two major geometries modelled are the lattice
cell and the full core (Figure 4.1). The PT-HWR lattice is modelled in two dimensions in
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DRAGON and is composed of a square cell of moderator (with lattice pitch 28.575 cm),
calandria tube, CO2 gap, pressure tube, coolant, sheath, and fuel pins (see Figure 4.2). The
dimensions and material compositions of the lattice components as modelled in DRAGON
are listed in Table 4.2. The standard 37-element PT-HWR bundle was used for the majority
of lattice calculations, although various other bundles were also modelled in Section 5.5.
Calandria Tube Pressure Tube
Coolant
Sheath Fuel Pellet Fuel Bundle
Gap
Figure 4.2: A 3-D representation of the PT-HWR lattice cell.
The full core simulation was based on a detailed DONJON model of a CANDU 6 R⃝ reactor
developed by Guyot [107]. A simplified diagram of the PT-HWR is shown in Figure 4.3.









Figure 4.3: A simplified diagram of a PT-HWR core, with individual fuel channels.
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Table 4.2: Material composition of lattice components based on a 37-element bundle, as
modelled in DRAGON, from [13, 108].
Component and Material Density Temperature Composition
Dimensions (cm) Description (g·cm-3) (K) (wt%)
Moderator Heavy Water 1.083 345.66 O 79.902%
(99.75% pure) D 20.073%
ℓ = 28.575 H 0.025%




ID = 12.90 Ni 0.054%
OD = 13.18 B 0.00006%
Gap Carbon Dioxide 0.00184 448.72 O 72.714%
τ = 0.84 C 27.286%
Pressure Tube Zirconium with 6.53 560.66 Zr 97.360%
2.5% Niobium Nb 2.581%
Fe 0.047%
Cr 0.008%
ID = 10.34 Ni 0.003%
OD = 11.21 B 0.00002%
Coolant Heavy Water 0.812 560.66 O 79.902%
(99% pure) D 19.922%
H 0.101%





τ = 0.4 B 0.00006%
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Table 4.3: Basic properties of the 700 MWe PT-HWR design.
Property Value
Number of Fuel Channels 380
Number of Bundles per Channel 12
Length of Fuel Channels 594 cm
Length of Fuel Bundles 49.53 cm
Reactor Power 2061.4 MWth
Number of Neutron Energy Groups 2∗
Heavy Water Inventory in PHT [109] 198.5 Mg
Heavy Water Inventory in Moderator [109] 274 Mg
Reflector Thickness 66 cm
* Fast neutron cut-off energy of 0.625 eV
The reactor channels are typically identified by a letter for the row and a number for the
column. A typical map of the 380-channel PT-HWR is shown in Figure 4.4.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
A A09 A10 A11 A12 A13 A14
B B06 B07 B08 B09 B10 B11 B12 B13 B14 B15 B16 B17
C C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18
D D04 D05 D06 D07 D08 D09 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19
E E03 E04 E05 E06 E07 E08 E09 E10 E11 E12 E13 E14 E15 E16 E17 E18 E19 E20
F F03 F04 F05 F06 F07 F08 F09 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20
G G02 G03 G04 G05 G06 G07 G08 G09 G10 G11 G12 G13 G14 G15 G16 G17 G18 G19 G20 G21
H H02 H03 H04 H05 H06 H07 H08 H09 H10 H11 H12 H13 H14 H15 H16 H17 H18 H19 H20 H21
J J01 J02 J03 J04 J05 J06 J07 J08 J09 J10 J11 J12 J13 J14 J15 J16 J17 J18 J19 J20 J21 J22
K K01 K02 K03 K04 K05 K06 K07 K08 K09 K10 K11 K12 K13 K14 K15 K16 K17 K18 K19 K20 K21 K22
L L01 L02 L03 L04 L05 L06 L07 L08 L09 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 L21 L22
M M01 M02 M03 M04 M05 M06 M07 M08 M09 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22
N N01 N02 N03 N04 N05 N06 N07 N08 N09 N10 N11 N12 N13 N14 N15 N16 N17 N18 N19 N20 N21 N22
O O01 O02 O03 O04 O05 O06 O07 O08 O09 O10 O11 O12 O13 O14 O15 O16 O17 O18 O19 O20 O21 O22
P P02 P03 P04 P05 P06 P07 P08 P09 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21
Q Q02 Q03 Q04 Q05 Q06 Q07 Q08 Q09 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 Q21
R R03 R04 R05 R06 R07 R08 R09 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20
S S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
T T04 T05 T06 T07 T08 T09 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19
U U05 U06 U07 U08 U09 U10 U11 U12 U13 U14 U15 U16 U17 U18
V V06 V07 V08 V09 V10 V11 V12 V13 V14 V15 V16 V17
W W09 W10 W11 W12 W13 W14
Figure 4.4: The channel ID map of the 380-channel PT-HWR.
bv
Chapter 4. Methodology 39
4.2.1 Refuelling
Refuelling is the main method of positive reactivity addition in a PT-HWR. It is performed
while the reactor is online from both axial ends using two independent fuelling machines.
Neighbouring channels are refuelled from opposite directions to promote axial symmetry
in flux. In a refuelling operation, a number of fresh bundles are inserted into the reactor
(typically 8 in current PT-HWRs) and the same number of spent bundles are extracted
from the other side. This is referred to as a bundle shift, and is illustrated in Figure 4.5
with 4 bundles. Refuelling operations are also referred to as “channel visits” in this report.
Current PT-HWR power plants typically perform about 2 channel visits per FPD.
1 2 3 4 5 6 7 8 9 10 11 12
1349.2 3478.6 5106.4 6184 8263.9 10675.1 12288.5 13047.7 14335.2 15665.6 15665.2 14334
Spent Fuel




Figure 4.5: A representation of a 4-bundle shift operation on a fuel channel, with indi-
vidual bundle burnups identifying shifted fuel.
4.2.2 Reactivity devices
The reactor model used included all reactivity control devices that exist in the standard
380-channel PT-HWR design, including all supporting structural components (such as guide
tubes, coupling nuts, tensioning springs, etc.) The reactor control devices modelled are the
liquid zone controls (LZC), the adjuster rods, the mechanical control absorbers (MCA), the
shut-off rods (SOR), ion chambers, and flux detectors. Descriptions of each of these devices
are available in References [110, 111]. The locations of reactivity devices within the core
are shown in Figure 4.6.
The reactivity control devices are modelled using incremental cross-sections, calculated
as the difference between a reference cross-section (e.g., withdrawn adjuster rod) and a
perturbed cross-section (e.g., inserted adjuster rod). This process is more fully described
in Section 4.2 of Reference [28].






















































































Figure 4.6: The location of reactivity devices in a 380-channel PT-HWR when viewed
from above the reactor core.
The MCA and SOR devices are not used as part of regular operation and although they
exist in the model, they were kept fully withdrawn in this work. The LZC were kept empty
as a margin of spatial and fine reactivity control1. In natural uranium PT-HWRs, the
adjusters are used for flux flattening by depressing neutron flux in the centre of the core.
They were originally also meant to assist returning to power following forced outages and
to quickly override xenon transients [112] following spurious trips. The Bruce A Nuclear
Generating Station was originally designed with enriched uranium booster rods in place of
adjusters [113].
In this work, the adjusters were assumed to be fully withdrawn and held outside of the core
during normal operation. The supporting structures of the adjusters (e.g., guide tubes,
1In some works of comparable scope, the LZC are kept at 50% filled to provide a margin of positive and
negative reactivity. In this thesis, they were left empty in order to have an increased margin of safety.
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brackets, support cables, etc.) remain in the model, since this work is meant to be applicable
to existing reactors. The adjusters are withdrawn for a number of reasons:
1. Since the thorium fuel cycle (and particularly SSET) is extremely sensitive to the
neutron economy [47], the parasitic absorptions caused by insertion of the adjusters
will reduce discharge burnup and viability.
2. As mentioned in Section 2.10, the concentration of 233Pa is dependent on the bundle
power. As a result, high-power bundles (e.g., those radially and axially in the centre
of the core) have a higher concentration of 233Pa, which acts as a neutron poison.
The power shape across the core is therefore flattened without the need for external
parasitic absorptions [47].
3. Due to changes in operational procedures and gain in OPEX, forced outages are not
as common today as when the currently operating fleet of PT-HWRs were designed.
4. Changes to regulatory requirements and operational procedures have removed the
need for xenon override.
5. The use of adjusters in modern PT-HWR operation is de-emphasized. [114].
4.3 Experimental process
A simplified flowchart of the experimental process followed in this work is shown in Figure
4.7. Although no physical experiments were performed, an empirical approach was used
in determining the most suitable lattice and core properties. Following each run of the
DRAGON and DONJON codes, the results were analyzed using custom macro scripts
written in the Visual Basic for Applications language in Microsoft Excel. The results of
the analysis were used to determine the perturbation required in the model to arrive at
a more suitable solution. As seen in Figure 4.7, an effective multiplication constant (keff)
between 1.002 and 1.005 was targeted in order to leave a 2-5 mk margin of error. To obtain
a net breeding reactor, a fissile inventory ratio above unity (with a 2% margin to account
for reprocessing losses) was desired.
The major constraints in meeting these criteria are safety limits placed on bundle and
channel power. The operating license of existing PT-HWRs that use the 37-element bundle






















































































Figure 4.7: The flowchart of the experimental methodology followed for DRAGON and
DONJON simulations in this thesis.
place a limit on the peak bundle and channel powers of 935 kW and 7.3 MW, respectively
[28]. These limits correspond to a linear element rating of 60 kW·m-1 in the hottest element
of the 37-element bundle containing natural urania. Although thoria has a higher melting
point and thermal conductivity, and lower thermal expansion and FGR, the same limits as
for NU fuel shall be applied in this work. These values are conservative for urania fuels,
and the true power limits for thoria-fuels are expected to be higher. The calculation of the
true limits for thoria-based fuels requires in-depth thermohydraulic analyses and industrial
experiments, and are not available in literature.
The results of this work are described in further detail in Chapters 5 and 6. A sample
process for the reactor configuration iteration is described in Appendix A.
Chapter 5
Lattice cell modelling results
Lattice cell calculations focus on determining the properties of the fuel and were performed
using DRAGON. The PT-HWR fuel lattice cell is composed of a square pitch of moderator,
the calandria tube, helium gap, pressure tube, coolant, and the fuel bundle, including the
cladding, as seen in Figure 4.1. The material properties of the typical PT-HWR lattice cell
are described in Table 4.2. Since one of the criteria of this work was to not alter the reactor
design, the moderator, calandria tube, pressure tube, and coolant remained constant in all
simulations, except those presented in Chapter 7.
In order to determine the most suitable fuel option(s), sensitivity analyses were performed
to study the response of reactivity and fissile conversion rate (i.e., fuel breeding) to changes
in fuel composition, power, temperature, and bundle design. A 37-element bundle with
an initial FNC of 1.4 at% at a fuel temperature1 of 941 K and a specific power2 of 24.91
kW·kg-1 were set as the baseline case for the sensitivity analyses outlined in this chapter.
Carbides, nitrides, sulphides, and even metallic forms of thorium have been studied from the
early days of thorium fuel cycle research [115]. While these fuel forms each have some ben-
efits, they are not very well understood. Oxides are the best known form for both thorium
and uranium based fuels, and have the widest available experience in fabrication, irradi-
ation, and post-irradiation examination (PIE). As a result only thorium dioxide-uranium
dioxide mixtures were simulated in this work.
1This is the fuel temperature given for a natural uranium bundle in Reference [13]
2This is the specific power that corresponds to the average bundle power of 452 kW, which is in turn
calculated by dividing the reactor power (2,061.4 MWth) by the number of bundles in the reactor (4,560)
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5.1 Fresh fuel composition
The initial FNC of the fuel is the most significant factor to its reactivity and breeding
characteristics. It was expected that higher initial FNC would result in higher initial reac-
tivity, as there would be more fissile fuel available in the fresh bundle. However, it was also
expected that breeding would be inversely affected by increasing initial FNC. In theory, the
fissile nuclide consumption rate will outpace the fissile nuclide production rate at higher
initial FNC values, partially due to the long half-life and capture cross-section of 233Pa.
Thus, while more fissile material may be produced in gross at higher FNC, the high initial
concentration is not matched or exceeded.
As a first measure, a wide range of initial FNC was simulated. The evolution of FNC with
burnup for 0 at% (i.e., natural thorium), 1.0 at%, 1.5 at%, 2.0 at%, and 5.0 at% are shown
in Figure 5.1. It should be noted again that initial FNC entirely consists of 233U with the


























Tfuel = 941 K
〈P〉 = 24.91 kW/kg
Figure 5.1: The evolution of FNC with burnup varied by initial FNC.
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As expected, lower FNC fuels were net breeders even at low burnups, while high FNC fuels
were net burners. It was also observed that 1.5 at% was approximately the breakeven point,
and thus the desired fuel composition would be in this vicinity. It was also seen that at
very high burnup, all fuels eventually converged to approximately 1.5 at% (which was in
agreement with observations noted in Reference [15]). This is the equilibrium point for the
232Th-233Pa-233U system, at which the rates of production and consumption of 233U are
approximately equal.
To obtain a more clear view of the composition of a net breeding fuel, fuel with initial FNC
between 1.3 at% and 1.6 at% were simulated. The evolution of FNC and k∞ with burnup
for each fuel are shown in Figure 5.2.
In this more granular view, it can be seen that while fuels with initial FNC ≤ 1.4 at% are
net breeders, they very quickly reach negative reactivity. Conversely, fuels with initial FNC
≥ 1.5 at% can achieve higher burnup, but do not produce more fissile material than they
consume. While 1.45 at% fuel does eventually become a net breeder, it does not do so until
about 9 MWd·kg-1. The discharge burnup and conversion ratio at discharge for each FNC
value are calculated in Section 5.6.
It should be noted again that these charts are based on the average specific power of 24.91
kW·kg-1. As will be seen in Section 5.2, higher FNC fuels can achieve net breeding at higher
powers.



















































Figure 5.2: The evolution of (a) FNC and (b) k∞ with burnup varied by initial FNC.
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5.2 Sensitivity to power
In theory, operating at higher power produces higher neutron fluxes, which should result
in more neutron absorptions in 232Th and therefore higher fissile nuclide production. This
should in turn result in higher reactivity. In reality, the relatively long half-life and absorp-
tion cross-section of 233Pa interferes with this process.
As shown in Figure 5.3a, higher specific power did in fact result in higher breeding. However,
as seen in Figure 5.3b, higher power actually corresponded to a decrease in reactivity.
This was initially counter-intuitive, but was justified by separating FNC into its individual
components (233U, 233Pa, and 235U). As seen in Figure 5.4, an increase in power did
result in an increase in 233Pa buildup, but actually resulted in an overall decrease in 233U
concentration. It was concluded that although at higher powers more 233Pa is produced, the
higher neutron flux also results in more parasitic absorptions in 233Pa and fewer nuclides
survive long enough to decay to 233U.
The power dependence can also be explained as the non-linearity of the neutron transport
and diffusion equations, (2.1) and (2.17) respectively, for thorium-based fuels. Since the
cross-sections are not constant and are in fact functions of flux, the current treatment is
inadequate. An important implication of this is the need to account for different power
zones when performing reactor calculations, because DONJON does not account for power
when interpolating cross-sections. Since the same fuel at a different power levels effectively
behaves as different fuel, an additional dimension of complexity needed be implemented in
the full core model. Fuel regions were defined not only by FNC, but by average power level.
The reactivity power dependence is not as prominent in natural or enriched uranium re-
actors, since the major fissile nuclide is the already existing 235U, and the reactor does
not solely depend on breeding 239Pu to maintain criticality. The transport and diffusion
equations can be treated as linear, since fuel composition (and therefore the cross-sections)
are not as dependent on flux.

















































Figure 5.3: The evolution of (a) FNC and (b) k∞ with burnup varied by specific power.


























































233U Concentration @ 40 kW/kg
233U Concentration @ 24.91 kW/kg
233Pa Concentration @ 40 kW/kg
233Pa Concentration @ 24.91 kW/kg
37-element bundle
Tfuel = 941 K
FNC = 1.4 at%
Figure 5.4: The evolution of 233U and 233Pa concentrations with burnup.
An additional operational consequence of the reactivity power dependence is the potential
response to power maneuvers. The prior results indicate that in the event of a power reduc-
tion or shutdown, reactivity in the core would increase (albeit slowly). If left uncontrolled
over an extended period, the reactor could potentially reach an unsafe state. The behaviour
of reactivity in response to power reduction routines is described in Section 5.2.1.
The response of the nuclide concentrations can be thought of as roughly analogous to the
135I-135Xe system. When power and neutron flux are reduced, a major source of removal for
both 233Pa and 233U (i.e., transmutation and fission by neutron absorption, respectively) is
greatly diminished while the source of production (i.e., the decay of their respective parent
nuclides) remains relatively constant in the short term. Due to the short half-life of 233Th
and the long half-life of 233Pa, the concentration of the latter nuclide peaks quickly and
then diminishes steadily while 233U builds up. This process is described in further detail
in Section 5.2.2.
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5.2.1 Response to power maneuvers
Four power reduction transients were simulated in DRAGON, following 50 days of normal
operation. These maneuvers are automatically initiated in PT-HWRs following potential
accidents or irregular operating conditions. The routines are described in Table 5.1.
Table 5.1: Transients introduced after 50 days of full power operation, from [116].
Type Cause Initiating Endpoint Rate
Setpoint (%FP) (%FP·s-1)
Setback Turbine Trip 2/3 contacts 60 1
Setback High Local Flux 110% 60 0.1
Stepback High Power Log Rate 3.3%·s-1 0
Stepback HT Pump Failure 1 pump trip 1
The evolution of reactivity in response to the setback operations described in Table 5.1 is




























Figure 5.5: Reactivity effect of setback operations performed after 50 FPD of operation.
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The evolution of reactivity in response to the stepback operations described in Table 5.1 is


























Figure 5.6: Reactivity effect of stepback operations performed after 50 FPD of operation.
As expected, reactivity initially dropped rapidly in response to the insertion of the reac-
tivity devices used for power reduction (generally the MCAs). The reactivity began to rise
between 4 and 9 hours following the maneuvers and to plateau after about 32 hours for
the setbacks and 68 hours for the stepbacks. Overall, the setback operations resulted in a
gain of approximately 2 mk. The stepbacks were more impactful, and resulted in a gain
of approximately 20 mk. An important observation is that while reactivity does increase
significantly, it does so in a slow and controllable manner, well within operator response
time. The long half-life of 233Pa is actually an advantage in this context, as it gates the
production of 233U (and therefore the rise in reactivity).
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5.2.2 Shutdown transients
Since 135I has a lower fission yield from 233U than other fissile isotopes [47], the gain in
reactivity following shutdown is expected to be lower than NU reactors. The flux in thorium-
fuelled reactors is also approximately half of the flux in NU-fuelled reactors at the same
power density [47], which results in a lower accumulation rate of 135Xe after a shutdown.
To model this behaviour, a shutdown transient was introduced to a lattice cell after 50 days
of full power operation. The evolution of reactivity and 135Xe concentration over the first





















































Figure 5.7: Evolution of reactivity and 135Xe concentration in a bundle, shutdown after
50 days of full power irradiation.
The shutdown resulted in a sudden drop in reactivity (and rise in 135Xe concentration)
and these trends hit their minimum and maximum values, respectively, after about 9 hours.
After fission product poisons have been depleted, the reactivity continued to rise at a slightly
slower rate due to the decay of 233Pa. It is estimated in Reference [47] that in a prolonged
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shutdown, the decay of 233Pa can add up to 100 mk of reactivity to the core, but at a
slow rate such that it can be compensated for easily by designing a control system with
higher negative reactivity. The evolution of reactivity and 233U concentration calculated



















































Figure 5.8: Evolution of reactivity and 233U concentration in a bundle, shutdown after
50 days of full power irradiation.
Both trends approached equilibrium at around 200 days after shutdown. The net gain in
reactivity due to 233Pa decay was about 30 mk. When observed over a longer time period,
the gain in reactivity from the decay of 135Xe also appeared as a “jump” of about 30 mk.
Overall, it can be stated that the reactivity devices must be able to additionally provide at
least 60 mk (but more in reality, to provide a margin) to maintain the guaranteed shutdown
state in the event of a prolonged outage. If this excess negative reactivity is provided by
increasing the worth of the adjuster rods, they may be used to restart the reactor following
a prolonged shutdown.
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5.3 Sensitivity to fuel temperature
The physical phenomenon that causes the fuel temperature to affect neutronics is the
Doppler broadening effect. An increase in fuel temperature (and thus nuclear motion)
causes broadening of the cross-section resonance peaks, altering the probability of neutron
interactions (e.g., capture, fission, etc.) in that nucleus. This process is described in further
detail in Chapter 2 of Reference [117].
The average temperature of a natural urania bundle (941 K) was assumed to this point.
Other literature has given the average temperature of NU fuel in a PT-HWR as 690 ◦C
(963 K) [118]. Additionally, since thoria has a higher thermal conductivity than urania, it
will operate at lower temperature at the same power level. As a result of these factors, the
actual fuel temperature is likely to be quite different than the assumed one. A sensitivity
analysis was therefore carried out in order to determine the rigor of this assumption and
whether uncertainties in fuel temperature would be a large source of error on breeding and
reactivity.
The results of the DRAGON simulation are shown in Figure 5.9. Higher temperature did
result in slightly higher breeding and lower reactivity, but even temperature changes of up
to 200 K were observed to be effectively negligible. Consequently, the assumed temperature
of 941 K was maintained for future calculations.


















































Figure 5.9: The evolution of (a) FNC and (b) k∞ with burnup varied by fuel temperature.
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5.4 Reactivity coefficients
In order to better quantify the effect of the previous factors on reactivity, the coefficients
of reactivity were calculated as a function of burnup and are shown in Figure 5.10. As was
expected, FNC had a very large positive coefficient of reactivity, which peaked at about
1.5 MWd·kg-1 and decreased with burnup thereafter. Conversely, temperature and specific
power had small (very small in the former case) negative coefficients which initially dropped
and then increased with burnup.
In a natural uranium reactor, the power coefficient is mostly a combination of the fuel
temperature and coolant density [119]. A rise in power will result in an increase in fuel
temperature and decrease in coolant density. While fuel temperature has a small negative
reactivity coefficient (∼ −0.1 mk·K-1), it is a relatively quick, almost prompt effect. The
coolant density effect develops more slowly, but has a larger positive coefficient in PT-
HWRs (ultimately resulting in the CVR). The overall effect of an increase in power in an
NU PT-HWR is a net increase in reactivity as the effect of coolant density overcomes the
initial effect of temperature.
As shown in Figure 5.10, thorium-based fuels have a negative power coefficient of reactivity.
This is due to the presence of a third factor: neutron absorptions in 232Th and 233Pa. An
increase in power (and thus neutron flux) results in additional absorptions in these nuclides
(as shown in Section 5.2) and reduces reactivity (at least in the short term). The overall
effect is negative (burnup integrated ∼ −1.5 mk·kW-1·kg, or ∼ −0.35 mk·%FP-1) and is an
important safety factor.
While a negative power coefficient is beneficial in overpower scenarios, it also presents risks
in power reduction events. As seen in Figure 5.8, there is a large “jump” (of about 30 mk)
in reactivity immediately after a shutdown. This is followed by a slower rise as more 233U
is produced from the decay of 233Pa. In the long term, about 60 mk of reactivity is added
to the core following a reactor shutdown. The advantage provided by the long half-life of
233Pa is that this transient occurs slowly and controllably. Even the initial large jump is
added over the course of 3 days, as seen in Figure 5.7.
In order to maintain a guaranteed shutdown state (GSS) during a prolonged period, addi-
tional shutdown capability is necessary. The adjusters (which are now held fully outside
of the core) may be used for this purpose, although they only provide 15 mk of negative
reactivity [111]. The reactivity worth of the adjusters or the shutoff rods must therefore be
increased in order to maintain control of the reactor when using thorium-based fuel.






























































































Figure 5.10: The reactivity coefficients of FNC, temperature, and specific power as func-
tions of burnup.
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5.5 Alternative fuel bundle concepts
The 37-element bundle has the most operating data and OPEX available and the best known
operating margins among PT-HWR fuels. It was therefore used as the reference bundle to
this point. In an effort to determine whether it was the most suitable fuel assembly for
breeding, several other bundle designs were modelled in DRAGON and simulated over a
burnup range. While the goal of this thesis is not to design new fuel (which is a complex task
and incomplete without physical fabrication and irradiation) several hypothetical bundle
concepts were also modelled to explore the viability of simple designs.
Two other conventional fuel designs are used in present-day PT-HWRs and were also mod-
elled. The 43-element CANDU Flexible (CANFLEX) bundle is a more recent design, devel-
oped to improve heat transfer properties. The 28-element bundle is used at the Pickering
Nuclear Generating Station and has almost as much OPEX as the 37-element.
In theory, bundles with fewer, larger pins should be more favourable. With fewer pins,
there is an overall smaller cladding surface, leading to fewer parasitic absorptions. Larger
pins are favoured for breeding because the outer edges of the pin shield the centre from
resonance-energy neutrons, allowing more 233Pa atoms in this area to decay to 233U. Scaled
up versions of the 7-element and 19-element bundles formerly used in the NPD and DP
reactors, respectively, were also modelled. These bundles needed to be enlarged because
the fuel channels in their original reactors were smaller than that in the modern 700 MWe
PT-HWR. They were scaled up by the ratio of the diameter of the pressure tube in each
reactor (∼8.25 cm in both NPD and DP[120]) to that of the 700 MWe PT-HWR (∼10.32
cm). The same cladding thickness as modern bundles (∼0.4 mm) was used.
Three hypothetical bundles based on simple shapes (single pin, pipe, and concentric) were
modelled in order to judge the breeding effectiveness of cluster-based geometries. The
dimensions of the single pin and pipe models were based on maintaining the same coolant
area as the 37-element bundle (∼34 cm2). The concentric fuel bundle was based on the
rings of the conventional 28-element bundle.
Finally, the Internally-Cooled Annular Fuel (ICAF) bundle concept currently under de-
velopment at CNL [121] was modelled. This concept is based on the dimensions of the
28-element bundle with the central 4 elements removed and replaced with a large pin of
ZrO2. These pins are removed because they do not contribute to reactivity as significantly
as the outer rings (which effectively shield them from neutrons). Similarly, the centre of
each remaining pin has been removed for the same reason.
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The bundles modelled are shown in Figure 5.11, and their physical dimensions are given in
Table 5.2.
Single Pin 7-element 19-element
28-element 37-element 43-element
Pipe Concentric ICAF-24
Figure 5.11: The fuel bundle concepts modelled in DRAGON to determine suitability
for breeding.
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The advantage of annular pins is the availability of an additional heat transfer surface
(i.e., the surface of the internal cavity in each pin). While the ICAF bundle has many
advantages from a thermohydraulics perspective, the removed fuel regions are the main
233U production areas. Additionally, the bundle will garner a penalty to reactivity due
to the increased cladding surface and decreased fuel mass. The reason for considering this
bundle for breeding fuel is that it should conservatively be able to operate at a bundle power
15% higher [23] than the 37-element bundle power limit (935 kW). As seen in Chapter 6,
this limit was the major constraint that is encountered in full core simulations.
The results of the DRAGON simulations are shown in Figure 5.12. Of the conventional
designs, the 43-element and the 37-element bundles had the highest rate of conversion,
although the difference between the two designs was insignificant. These bundles also had
the lowest reactivity (with the 37-element marginally higher), possibly due to their relatively
high cladding surface area.
It should be noted that unlike previous simulations, the specific power was not held constant.
Rather, the bundle power was kept uniform and the specific power (as shown in Table 5.2)
varied with bundle mass. Consequently, the results were skewed by the differences in specific
power. Contrary to early intuition, the ICAF bundle had the highest conversion rate, but
this was due to the high specific power at which it was simulated. It also showed significant
drawback in reactivity, for the same reason. Similarly, bundles with fewer elements actually
had lower breeding than expected due to their higher mass.
It was observed that none of the other bundle designs show significant breeding or neu-
tronic advantage over the 37-element. The intangible advantage of OPEX available for the
37-element bundle outweighed any minor benefits from using an alternate bundle design.
Overall, the difference between fuel bundles was found to be mostly negligible. The only
bundle that had a large impact on breeding and reactivity was the ICAF, which also has a
thermohydraulic advantage.



















































Figure 5.12: The evolution of (a) FNC and (b) k∞ with burnup for various fuel bundle
designs.
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5.5.1 Coolant void reactivity
The coolant void reactivity (CVR) is also heavily influenced by bundle design and was
therefore calculated (as described in section 2.8). The burnup-dependent CVR for each


































Initial FNC = 1.4 at%
Tfuel = 941 K
Pbundle = 452.0 kW
Figure 5.13: The evolution of CVR with burnup for various fuel bundle designs.
It was observed that for all bundles, the CVR peaked at a very low burnup (of about 1-2
MWd·kg-1) before falling off significantly. Even at the peaks, the CVR for thorium-fuelled
bundles was significantly reduced when compared to natural uranium fuel (which has an
equilibrium CVR of 15 mk [119]). The conventional 43-element and 37-element bundles had
the highest CVR, peaking at 12 and 11.5 mk, respectively. In a case where the reduction of
CVR is a high priority, the 19-element bundle is recommended as it is has the lowest CVR
among conventional (and viable) bundles.
The coolant void reactivity is further discussed in Section 7.3.
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5.6 Homogeneous fuel
The simplest fuel configuration is the one already in use in most existing PT-HWR plants:
fuelling with a single fuel type of homogeneous composition (in most present reactors,
natural uranium dioxide). In Section 5.1 it was concluded that fuels with FNC ≤ 1.4 at%
were net breeders but could not sustain criticality for very high burnup values. Conversely,
fuels with FNC ≥ 1.5 at% could reach higher burnup, but did not breed sufficiently. With
an FNC of 1.45 at%, net breeding was reached at about 9 MWd·kg-1, but it was unclear
whether this fuel could sustain criticality to this burnup.
The maximum DBU of each fuel composition and the corresponding CR value were cal-
culated using the data obtained in Section 5.1. The DBU was calculated according to






(ρ∞ − 48) dBU = 0 (5.1)
This calculation is based on an estimated leakage of -30 mk in a natural uranium CANDU 6
reactor and -18 mk worth of parasitic losses to reactivity devices and components. These val-
ues may be overly conservative (or insufficiently conservative) when considering a thorium-
fuelled reactor. The leakage is highly dependent on the fuelling configuration employed and
the adjusters, as discussed in Section 4.2.2, are not always used. Regardless, the subtraction
of 48 mk was considered a reasonable estimate at this stage for the relative comparison of
concepts.
The DBU and CR for each fuel composition are plotted in Figure 5.14.












































Tfuel = 941 K
〈P〉 = 24.91 kW/kg
Conversion Ratio
Figure 5.14: The discharge burnup and conversion ratio at that burnup for various
homogeneous fuel compositions.
It should be noted that current PT-HWRs fuelled with natural uranium generally have an
average discharge burnup of 7.5 MWd·kg-1 [123]. Fuels with FNC > 1.5 at% were found
to be able to exceed this burnup. Fuels with FNC < 1.4 at% were net breeders, but very
marginally, due to their low DBU. It was also observed that the higher FNC fuels still
resulted in high converting (but not net breeding) fuel cycles, with CR > 0.94.
It was concluded from Figure 5.14 that a reactor with one homogeneously-composed fuel
type likely cannot achieve net breeding without prohibitively low discharge burnup (and
therefore a prohibitively high refuelling rate and reprocessing cost).
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5.7 Heterogeneous fuel
Since homogeneous fuel bundles were shown to not be viable for breeding, one considered
alternative was to explore heterogeneous bundles (i.e., those where all fuel pins do not have
the same FNC). This approach is not ideal in practice due to the extra layer of complexity
(and source for error) added to the fuel fabrication process.
As previously described, the spatial shielding provided by the outer rings in a fuel bundle
allows greater 233U production in the central pins. The evolution of FNC with burnup for
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37-element bundle
Tfuel = 941 K





Figure 5.15: The evolution of FNC with burnup in each of the fuel rings of a 37-element
bundle.
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It would then seem that the optimal configuration would be to load the central pins with
lower FNC fuel and the outer rings with higher FNC. The reverse concept may also be
feasible, wherein the outer rings are loaded with low FNC fuel and experience a modest
penalty to breeding balanced by higher FNC fuel in the central pins receiving a modest
boost to breeding. A number of variations of both concepts were attempted and are listed
in Table 5.3.
Table 5.3: The modelled initial compositions of each ring in heterogeneous 37-element
bundles.
Configuration Initial FNC (at%)
Label Ring 1 Ring 2 Ring 3 Ring 4
A 1.4 1.4 1.4 1.6
B 1.0 1.0 1.0 2.0
C 0 0 0 5.0
D 1.6 1.6 1.6 1.4
E 2.0 2.0 2.0 1.0
F 5.0 5.0 5.0 0.0
G 0 0 0 3.0
H 0 0 0 2.5
I 0 0 0 2.75
J 0 0 1.0 2.0
The simulation results for these configurations are plotted in Figure 5.16 alongside those
from the heterogeneous bundles for comparison. None of the heterogeneous configurations
attempted were within or even near the ideal region (CR > 1.0, DBU > 7.5 MWd·kg-1)
marked on the chart. Although the list of configurations attempted is by no means exhaus-
tive, it is not likely that a viable breeding fuel cycle can be developed using heterogeneous
bundles. While it is possible to develop more complex geometries and composition schemes,
complexity is not a desirable quality in safety and operationally critical, but mass produced
components like fuel bundles.







































Tfuel = 941 K
FNC = 1.4 at%
Figure 5.16: The breeding capability of homogeneous and heterogeneous fuel bundles.
It was concluded from these results and those in Section 5.6 that net breeding is not viable
in a single-fuel 700-MWe PT-HWR. The alternative is to heterogeneously fuel the reactor
in a so-called “seed and blanket” approach. This concept is explored in Chapter 6.
Chapter 6
Full core simulation results
Full core calculations are aimed at simulating a model of a reactor macro-structure and
were performed using DONJON. The PT-HWR reactor core, described in Section 4.2, was
modelled as an assembly of cells described by cross-section libraries. These libraries (con-
tained within CPO files) were generated by bundle simulations in DRAGON and contain
homogenized macroscopic cross-sections for two neutron energy groups (with a cut-off en-
ergy of 0.625 eV) over a range of burnup steps. Each fuel type or reactor component was
described by a different CPO file.
Full core calculations were performed in two stages: the time-average simulation and the
instantaneous simulation. These calculations are described in further detail in Section 4.1.
The time-average model is used to simulate the core in steady-state equilibrium conditions.
The output of this mode was used to determine the fissile inventory ratio (FIR), the core-
average discharge burnup, the refuelling rate, and channel dwell times. The results of this
work are given and discussed in Section 6.1. The fuelling configurations developed as part
of these calculations were evaluated on a series of criteria. The most favourable of these
configurations was then used in the instantaneous power calculation.
The instantaneous simulation is used to determine the time-dependent behaviour of the
core and its response to transients such as reactivity device insertion or refuelling events.
This mode was used to determine the peak bundle and channel powers, and the shape of
the power ripple caused by refuelling operations. This data was also used to determine the
next channel to be refuelled. The results of the instantaneous calculation are discussed in
Section 6.2.
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6.1 Time-average model
The goal of the time-average calculation was to model and iteratively improve a number of
fuelling configurations. At first, four simple concepts were explored. Based on evaluation of
the results, variants were developed to correct for their deficiencies. The most advantageous
of these was then selected for instantaneous modelling.
The time-average reactor properties were iteratively refined by altering fuelling configura-
tions, discharge burnup, reactivity device positions, and fuel compositions. A simplified
sample of this model refinement process is given in Appendix A.
6.1.1 Initial configurations
As the first step, four simple fuelling configurations (shown in Figure 6.1) were modelled:
Single Fuel (SF), Checker Seed-Blanket (XSB), Inner Seed Outer Blanket (ISOB), and In-
ner Blanket Outer Seed (IBOS).
XSBSF ISOB IBOS
Single Fuel Seed Fuel Blanket Fuel
Figure 6.1: The initial core fuelling configurations modelled in DONJON.
The SF configuration, where only one fuel type is used, is the simplest form of reactor
fuelling. As discussed in Section 5.6, homogeneous fuelling was expected to result in very
low average discharge burnup.
The remaining three configurations were all heterogeneous cores. This concept is based on
using two or more fuel types, referred to as the “seed” and the “blanket”. The seed fuel
is generally composed of higher FNC fuel and the blanket of lower FNC fuel. The seed
fuel acts as a driver, allowing the use of the lower reactivity blanket, which will produce
the majority of new fissile material. In theory, the net breeding blanket should produce
sufficient fissile material to compensate for the net burning seed.
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In the XSB configuration, fuel channels were alternated with seed and blanket fuel. As a
result of bi-directional refuelling, low-reactivity high-burnup blanket bundles at one end of
the reactor would be radially surrounded by high-reactivity low-burnup seed bundles, and
vice versa. This was expected to even out radial and axial power distribution along the
core.
The ISOB configuration is the traditional seed-blanket core; as the names imply, the blanket
is wrapped around the seed. Past seed and blanket reactors, such as the Shippingport
LWBR, have typically used this configuration [16]. In ISOB, the high FNC fuel was placed
in the centre of the core, where the majority of reactor power is generated. The high power
environment was expected to allow more breeding in the seed fuel (as demonstrated in
Section 5.2). Conversely, the blanket would operate at low power, which should result in a
higher reactivity contribution.
Finally, the IBOS configuration was the reverse of ISOB. In the ISOB configuration, the
weaknesses of each fuel type (viz., low breeding in seed, low reactivity in blanket) were
compensated for. The IBOS configuration reversed this effect and the strengths of each
fuel type were accented. By locating the blanket in the high power region, even higher
conversion ratios are expected to be achieved. The seed in the outer lower-power region of
the core should contribute even more to multiplication.
6.1.1.1 Results
The results of the refined models of each configuration are shown in Table 6.1. None of the
four studied configurations could attain net breeding, although the SF configuration had
the highest FIR and was only very marginally below net breeding (by only about 0.06%).
All four models did result in very high converting fuel cycles and the lowest converting
configuration (XSB) was still 95.9% self-sufficient.
The most suitable FNC for homogeneous fuelling was 1.45 at%, as expected from Section
5.6. For the heterogeneous configurations, the most suitable combination of seed and blanket
fuel was found to be 1.6 at% and 1.4 at%, respectively. Although higher FNC seeds, lower
FNC blankets, and different ratios of the number of channels of each type were attempted,
the power disparity and lack of sufficient breeding made these not viable. Thus the most
suitable fuel balance was found to be one with a narrower range in FNC between the seed
and blanket, and a nearly 1:1 ratio of the number of channels.
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Power peaking in the seed channels was the foremost issue in all of the simulated cores
(but particularly the ISOB-type). This issue can be mitigated with increased burnup in
the seed, decreased burnup in the blanket, or the use of reactivity devices, however all of
these solutions result in lower overall breeding. A further option is derating (i.e., reducing
the operating power of) the reactor to the point that maximum bundle/channel power are
below the set limits. However, as found in Section 5.2, a reduction in operating power also
results in a reduction in fissile conversion. Additionally, a reduction in operating power is
a large barrier to the viability of the concept, as it based on a commercial power plant (the
aim of which is to generate electricity).
Table 6.1: The results of the time-average power calculation for the initial configurations.
Parameter SF XSB ISOB IBOS
keff 1.0020 1.0021 1.0022 1.0020
Fuel Bundle 37-Element Bundle
FNC (at%) 1.45 Seed: 1.6, Blanket 1.4
Number of channels
Seed/Blanket 190/190 192/188 188/192
Refuelling Scheme Bi-Directional 8-Bundle Shift
Adjusters None None All None
Core Average
Burnup (MWd·T-1) 6868.2 8660.0 7448.6 9950.3
Peak Channel
Power (kW) 6462 6334.8 6956.8 6194.2

Location O07 P14 H08 T10
Peak Bundle
Power (kW) 828.1 819.0 827.3 791.6

Location P05-6 O05-7 J06-6 T10-6
Bundle Power
Form Factor 1.83 1.81 1.83 1.75
Refuelling Rate
CV·d-1 1.98 1.57 1.82 1.36
kg·d-1 300.1 238.0 276.7 207.2
FIR 0.9994 0.9586 0.9879 0.9909
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It should additionally be noted that the 8-bundle shift scheme was assumed at this stage
of simulation for all configurations. This parameter is altered as required in the instanta-
neous calculation, since its effect is better observed in the real-time response to refuelling
operations.
The final iterations of the burnup zone configurations are shown in Figures 6.2, 6.3, 6.4, and
6.5. The highest DBU zones generally correspond to areas with the highest channel power
level. Conversely, the low DBU zones are those with low power. As a result, in all but the
IBOS configuration, the DBU tapered significantly towards outer edge of the reactor.
As expected, the DBU of the SF configuration was very low. Consequently, it also had the
highest refuelling rate, although it did not exceed that of the standard NU-fuelled PT-HWR.
In the IBOS configuration, the channel power peaked at the interface between the seed and
blanket channels and the highest DBU zones are located at this boundary. The highest
burnup values were reached in the XSB configuration, with seed DBU up to 29.5 MWd·kg-1
and blanket DBU up to 16 MWd·kg-1. The DBU is of more significance, since all channels
are considered in its calculation. In this regard, only the XSB and IBOS configurations
exceeded the natural uranium PT-HWR.
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The channel dwell times for each configuration are shown in Figures 6.6, 6.7, 6.8, and 6.9.
The dwell time is the number of full power days of operation between refuelling events (i.e.,
channel visits) in a given channel. It is in essence a different physical interpretation the
target discharge burnup of a channel. In general, the seed channels have higher dwell times
than the blanket channels in all four configurations. This is advantageous from a fuel cycle
management perspective, as spent blanket bundles are extracted at a much faster rate. This
means faster extraction rate of net breeding blanket bundles (which have a surplus of fissile
material) and slower insertion of net burning seed bundles (which will have a deficit of fissile
material).
Due to the long half-life of 233Pa (as well as time needed for fuel cooling, reprocessing,
and fabrication), spent fuel must be stored for a significant period of time1 before it can
be reprocessed for new fuel. The more rapidly discharged blanket bundles therefore decay
for the required length of time before their excess fissile material is required in fresh seed
bundles.
1For example, in order to capture 99.9% of 233U decaying from 233Pa, spent fuel must decay for 10
half-lives: approximately 270 days or 9 months.
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190 180 175 175 181 190
209 172 151 160 153 151 151 153 161 151 173 209
185 175 151 138 131 127 127 127 127 131 138 152 176 185
175 165 142 128 120 117 235 236 237 236 117 121 128 142 165 175
180 161 138 124 116 228 281 281 283 284 281 281 229 116 124 139 162 181
146 138 124 115 279 276 275 353 357 357 354 276 276 280 116 124 139 147
164 146 125 236 280 273 347 348 349 352 352 349 348 348 274 281 237 126 147 165
142 132 237 111 272 268 342 369 370 374 374 371 369 343 269 274 112 239 133 144
177 149 123 228 274 269 265 363 365 366 370 370 367 365 364 266 270 275 229 124 151 179
163 140 118 221 269 340 336 336 337 338 341 341 338 337 337 338 342 271 223 119 142 165
156 136 115 217 266 337 334 334 334 335 338 338 336 335 335 335 339 267 219 116 137 158
155 135 114 216 264 335 332 332 333 334 336 337 334 333 333 334 337 266 217 115 136 157
162 138 116 217 264 334 331 331 332 333 336 336 334 333 332 332 336 266 219 117 140 163
174 146 120 221 265 261 258 355 357 359 361 362 359 358 356 259 262 267 222 121 148 176
139 128 112 107 263 260 308 358 360 362 362 360 359 309 261 264 107 113 129 140
159 142 120 111 270 264 312 312 313 315 315 313 313 313 265 271 112 121 143 161
142 134 120 112 272 268 316 316 318 318 317 317 269 272 112 120 135 143
178 159 136 122 114 135 273 272 273 273 272 274 135 114 122 137 160 180
179 166 142 128 120 115 139 139 139 139 116 120 128 142 167 180
197 184 157 142 133 128 127 127 128 133 142 158 184 198
239 192 164 172 162 158 158 162 172 165 192 240
226 208 198 198 208 226
ChannelSDwellSTimeS(FullSPowerSDays)
SF
Figure 6.6: The channel dwell times (in full power days) for each channel in the single
fuel (SF) configuration.
180 154 162 148 165 159
202 152 144 122 127 114 124 115 131 128 160 176
182 137 129 109 232 374 225 370 224 377 116 115 144 157
173 131 256 386 222 462 213 455 211 450 211 357 229 413 139 150
176 127 251 381 218 453 209 628 314 626 308 436 207 457 227 406 135 155
129 121 377 217 450 313 744 311 623 308 611 303 613 206 351 225 108 141
143 125 374 217 452 312 743 311 739 309 616 303 606 303 614 208 461 225 114 159
138 104 215 451 314 742 310 740 414 673 411 660 302 606 305 624 210 463 115 126
172 116 224 450 208 747 310 739 414 671 414 670 407 659 303 729 310 631 211 371 128 155
144 121 360 209 628 312 738 413 670 412 672 412 664 407 726 306 739 312 445 220 110 159
152 107 217 751 313 741 308 733 410 667 412 669 408 661 407 728 309 743 208 465 118 138
138 118 463 207 741 308 729 408 663 408 667 410 661 405 658 303 732 310 748 217 107 152
157 109 218 441 308 730 303 657 405 660 408 663 404 656 403 720 304 616 206 358 120 144
154 127 368 208 436 304 603 300 653 403 661 406 655 401 599 299 607 203 443 222 115 172
125 114 458 207 614 301 601 299 653 405 658 401 599 298 601 304 440 212 103 137
158 114 225 458 207 613 302 604 301 607 302 603 300 603 303 440 213 369 124 142
142 109 227 354 207 617 305 610 306 613 304 609 305 441 214 374 120 129
160 140 417 232 359 211 443 310 626 311 622 206 344 217 381 253 128 179
160 147 435 240 373 219 355 215 354 215 359 225 394 263 135 181
177 159 126 126 406 239 389 236 393 245 115 138 147 199
213 188 148 149 128 137 125 140 136 163 174 239
200 202 177 193 186 222
ChannelXDwellXTimeX(FullXPowerXDays)
XSB
Figure 6.7: The channel dwell times (in full power days) for each channel in the checker-
board seed blanket (XSB) configuration.
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189 179 174 174 179 189
206 170 148 159 151 148 148 151 159 148 170 207
182 149 148 133 124 120 118 118 120 125 133 148 149 182
173 162 137 120 111 106 103 102 102 103 106 111 121 137 163 174
180 160 133 116 368 347 336 329 328 328 330 336 347 369 116 133 161 181
169 134 115 363 402 389 387 384 379 379 384 388 390 403 364 115 135 170
164 145 118 365 398 382 376 404 402 398 399 403 404 377 383 399 366 118 145 165
166 128 107 341 380 371 393 399 399 396 396 400 400 394 372 381 343 108 129 167
180 150 118 101 329 373 395 396 399 411 408 409 411 399 397 396 374 331 102 119 151 182
166 140 113 343 387 399 396 397 412 412 409 409 412 412 398 397 400 389 345 113 141 168
159 136 110 338 385 399 397 410 413 412 410 410 413 413 411 398 400 387 340 111 137 160
159 136 110 338 385 399 397 410 413 413 411 411 413 414 411 398 400 387 340 111 137 160
166 141 113 344 387 399 397 399 413 413 411 411 414 414 400 398 400 389 345 113 142 168
181 151 119 101 330 374 397 399 402 414 411 412 414 403 400 398 375 331 102 120 152 183
167 130 108 343 382 375 398 404 404 401 401 405 405 399 376 384 344 109 130 168
167 147 119 370 403 389 384 412 410 405 405 410 412 384 390 404 371 120 148 168
173 137 118 372 413 400 398 394 388 388 394 399 401 414 373 118 138 174
188 167 138 120 383 361 349 341 339 339 342 349 361 384 120 139 168 189
187 173 145 128 118 112 108 107 107 108 112 118 128 145 174 188
205 164 162 146 135 129 127 127 129 135 146 163 165 205
250 200 171 181 170 165 165 170 181 171 200 250
238 219 209 209 219 238
ChannelIDwellITimeI(FullIPowerIDays)
ISOB
Figure 6.8: The channel dwell times (in full power days) for each channel in the inner
seed outer blanket (ISOB) configuration.
292 277 270 270 278 293
322 269 239 224 218 216 216 218 224 239 270 323
290 244 216 422 438 650 652 652 650 439 424 217 245 292
280 237 438 409 423 627 627 632 632 628 628 424 411 440 238 281
293 234 438 413 225 222 221 221 222 223 221 221 223 226 415 441 236 295
245 440 417 228 224 222 221 222 223 224 222 222 223 225 230 420 443 247
275 220 415 230 228 224 223 223 223 225 225 223 223 224 225 229 232 418 223 278
245 432 430 228 227 224 224 224 225 226 226 225 224 224 225 228 229 434 436 248
305 231 448 641 227 227 225 225 294 295 229 229 296 295 226 226 228 229 647 452 234 310
290 470 445 228 228 227 226 295 297 298 301 301 299 298 296 227 229 230 230 449 476 294
282 499 446 229 229 228 227 296 298 300 303 303 301 299 297 228 229 230 231 450 505 287
285 504 451 231 230 228 227 296 298 300 303 303 301 299 297 228 230 231 233 456 510 289
296 484 691 233 231 228 227 295 297 299 301 301 299 298 296 228 230 232 235 698 490 300
316 241 705 664 231 228 226 293 294 295 297 298 296 295 294 227 229 232 669 711 243 320
256 717 669 231 227 224 223 223 224 225 225 224 224 224 225 229 233 675 724 258
282 227 675 231 226 223 222 221 221 223 223 222 222 223 224 228 232 681 229 286
246 208 409 225 222 221 220 220 221 221 220 220 221 223 226 411 210 248
293 230 205 403 222 221 219 218 220 220 219 219 221 223 405 206 231 295
284 234 208 410 426 419 417 629 630 417 420 427 411 209 235 285
308 254 227 444 429 422 422 422 422 430 445 228 255 309
372 306 269 252 506 500 500 506 252 270 307 374
368 344 332 332 344 368
ChannelIDwellITimeI(FullIPowerIDays)
IBOS
Figure 6.9: The channel dwell times (in full power days) for each channel in the inner
blanket outer seed (IBOS) configuration.
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The radial and axial distributions of channel and bundle powers are shown in Figures 6.10
and 6.11, respectively. The channel power profiles across row L and the axial power profile
along channel L11 are shown in Figure 6.12 and 6.13, respectively.
The ISOB configuration required the use of all adjuster rods for flattening the power distri-
bution in the centre of the core. Despite the lack of adjuster rods in the other configurations,
their power profiles were fairly flat. The XSB profile was not as smooth as expected, but

































Figure 6.10: The radial distribution of time-average channel power in the four initial
configurations. The colour gradient on all four charts is on the same scale to illustrate the
distributions relative to each other. The channel with the maximum power is marked with
an x.
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The power distributions were observed to be radially asymmetric, even in the cases where
the burnup zones were assigned symmetrically. This is due to the existence of the structural
components supporting reactivity devices within the core model. Although the adjusters,
MCAs, and shutoff rods are withdrawn and the LZC are kept empty, the various components
that support these devices (e.g., guide tubes, brackets, tensioning springs, etc.) remain and
affect flux/power distribution and reactivity.
The axial power profile in NU-fuelled reactors tends to have a flattened parabolic shape
with a slight skew in the reverse of the refuelling direction. This implies that in a given
channel the fresher bundles produce more power than the spent bundles. This is intuitive
because of the buildup of fission products and the depletion of fissile nuclides with burnup,
which is only slightly countered by the conversion of 238U into 239Pu. In the profiles shown
in Figure 6.13, the parabolic shape is apparent for all configurations, although the “lean”
is slight and in the refuelling direction.

















































































































































































































































































































Instantaneous Channel Power Limit
























Instantaneous Bundle Power Limit
Refuelling Direction
Figure 6.13: The axial time-average bundle power profile across channel L11 for the four
initial configurations.
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The additional 233U produced midway through the residence time of the fuel compensates
for that which was lost to burnup in the early stages. This results in the axial power profile
being slightly skewed towards the refuelling direction.
6.1.1.2 Discussion
As previously predicted, a homogeneously-fuelled configuration is certainly feasible, and in
fact results in a higher FIR than the heterogeneous configurations. However, its average
burnup is prohibitively low. If FIR could be marginally increased (discussed in Section 7.2)
and low burnup could be tolerated, an SF configuration would be ideal due to the lower
complexity of the system.
The ISOB configuration resulted in lower FIR because its seed fuel required high discharge
burnup to reduce its relative power. Conversely, the blanket fuel required low discharge
burnup to increase its relative power contribution. The effect of this distribution was to
cause both higher fissile nuclide burning in the seed and lower breeding in the blanket. In
short, the major issue with this configuration is the high power in the seed region.
IBOS had the most even power distribution, and the maximum bundle and channel powers
were well below the time-average power limits. This configuration may even be able to
tolerate up-rating the core while still meeting the power criteria. The issue encountered
with this configuration was low reactivity. This is a consequence of placing the blanket fuel
in the high power region and the seed fuel in the low power region. It was additionally
theorized that this configuration experiences high neutron leakage out of the core caused
by locating the seed on the outer edge of the reactor.
Finally, the XSB configuration also experienced power peaking in the central seed channels,
as each was surrounded by lower power blanket. The axial smoothing effect that was antic-
ipated in a checkerboard pattern was not as significant as the radial disparity. Therefore,
small seed and blanket regions (in this case consisting of only one channel) were concluded
to not be viable for the purposes of this work.
In the next section, the attempts made to address the shortcomings of each of the hetero-
geneous configurations are outlined.
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6.1.2 Secondary configurations
Based on the analysis of the previous section, the heterogeneous fuelling concepts are altered
to address their challenges. These secondary configurations are shown in Figure 6.14.
IASOB IOBMS
Annular Seed Fuel Seed Fuel Blanket Fuel
X4SB
Figure 6.14: The second iteration core fuelling configurations modelled in DONJON.
The ISOB configuration had problems meeting the power limits in the seed region. The
considered workaround was to use the ICAF bundle for the seed fuel. As explained in sec
5.5, the ICAF bundle may conservatively be able to operate at powers 15% higher than
the 37-element bundle. This was expected to allow the discharge burnup in the seed and
blanket regions to be lowered and increased, respectively. This configuration is referred to
as Inner Annular Seed, Outer Blanket (IASOB).
To improve the XSB configuration, the seed and blanket region sizes were increased to 4
channel cells (and referred to as X4SB). This change was intended to decrease the power
peaking in individual seed channels. Previous studies of heterogeneous PT-HWR cores on
OTT cycles have also featured 2× 2 seed/blanket regions [67].
IBOS had high neutron leakage from the outer seed region. To compensate, a thin blanket
layer was added at the outer edge of the core to capture neutrons leaking from the seed.
This configuration is referred to as Inner and Outer Blanket, Middle Seed (IOBMS).
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6.1.2.1 Results
The results of the refined models of each configuration are shown in Table 6.2. The final
burnup zone configurations are shown in Figures 6.15, 6.16, and 6.17. The dwell times for
each configuration are shown in Figures 6.18, 6.19, and 6.20.
Table 6.2: The results of the time-average power calculation for the secondary configu-
rations.
Parameter IASOB IOBMS X4SB
keff 1.0022 1.0020 1.0020
Seed Bundle ICAF-24 37-Element Bundle
FNC (at%) 1.60 1.50 1.55
Number of Channels 192 180 232
Blanket Bundle 37-Element Bundle
FNC (at%) 1.40 1.40 1.40
Number of Channels 188 60+140 148
Refuelling Scheme Bi-Directional 8-Bundle Shift
Adjusters None None None
Core Average
Burnup (MWd·T-1) 9615.7 7163.9 7419.3
Peak Channel
Power (kW) 7273.6 6402.8 6112.6

Location N08 T10 S07
Peak Bundle
Power (kW) 928.7 827 786

Location N08-6 F06-7 B11-6
Bundle Power
Form Factor 2.05 1.83 1.74
Refuelling Rate
CV·d-1 2.00 1.90 2.00
kg·d-1 214.4 287.7 303.4
FIR 0.9817 0.9987 0.9906


































































































































































































































































































































































































































































Figure 6.17: The burnup zone map of the inner and outer blanket middle seed (IOBMS)
configuration. Blue channels are fuelled with blanket bundles (1.4 at% 233U) and red
channels with seed bundles (1.5 at% 233U).
104 97 94 94 97 104
122 103 89 81 76 75 75 77 81 89 103 123
110 94 218 201 149 484 184 184 484 149 201 218 94 110
105 89 80 196 189 483 690 183 183 691 484 189 197 81 90 106
110 89 208 196 495 482 181 181 698 698 181 181 484 497 197 210 89 111
94 80 197 190 485 478 181 182 706 706 183 181 480 488 191 199 81 95
105 224 200 509 660 184 183 698 706 409 410 707 700 183 185 664 513 202 226 106
90 205 192 498 656 403 403 654 658 412 412 659 655 404 405 660 501 194 207 92
106 81 152 487 185 185 650 710 408 410 667 667 410 409 713 654 186 186 492 154 82 107
97 77 708 696 184 185 706 657 408 244 664 665 244 410 660 710 186 185 703 716 78 99
93 154 184 182 699 706 406 408 660 659 244 244 660 662 410 408 711 706 184 186 156 95
93 154 184 181 698 705 405 408 659 658 244 244 660 661 409 407 710 704 183 186 156 95
97 77 708 694 183 183 648 710 408 243 663 663 244 409 713 652 185 184 701 716 78 98
106 81 152 486 183 183 646 652 407 409 665 665 409 408 655 649 185 185 491 154 82 107
91 206 192 494 650 400 401 652 657 411 412 658 654 403 402 654 498 194 208 92
105 226 201 507 493 184 183 644 652 410 410 653 646 183 184 497 511 202 228 107
96 82 199 191 702 481 182 184 712 712 184 183 483 706 192 200 82 96
114 92 214 198 149 487 184 185 712 713 185 184 489 150 199 215 92 116
113 94 84 204 197 503 498 190 190 499 504 197 204 84 95 113
123 103 239 219 79 524 199 199 524 80 219 239 104 124
149 122 104 93 88 86 86 88 93 104 122 150
134 122 116 116 122 134
X4SB
ChannelyDwellyTimey(FullyPoweryDays)
Figure 6.18: The channel dwell times (in full power days) for each channel in the 4-channel
checkerboard seed blanket (X4SB) configuration.
Chapter 6. Full core simulation results 88
314 299 290 290 299 314
338 278 241 214 203 199 199 203 214 241 278 339
295 240 195 174 162 155 153 153 155 162 174 195 240 295
278 213 176 152 138 130 125 125 125 126 130 138 152 176 214 279
287 209 169 142 132 121 115 112 112 112 112 115 121 132 142 170 209 288
227 171 141 129 115 108 104 102 159 159 102 104 108 115 129 141 171 228
259 186 146 131 116 165 158 153 152 152 152 152 153 158 165 116 131 147 186 260
223 163 131 119 108 157 152 149 148 149 149 148 149 152 157 108 119 131 164 224
286 194 148 121 112 103 152 149 174 173 174 174 173 174 149 152 103 112 121 149 195 289
265 181 139 120 107 155 149 147 172 172 173 173 173 173 147 150 156 108 120 139 182 267
253 174 134 116 105 153 148 173 172 172 173 173 172 172 173 149 154 105 117 135 175 255
252 174 134 116 105 153 148 172 172 172 173 173 172 172 173 148 153 105 116 135 175 254
264 180 138 119 107 154 149 147 172 172 173 173 172 172 147 149 155 107 120 139 181 266
286 194 148 120 111 102 151 148 173 172 173 173 172 173 148 151 102 111 120 148 195 288
222 162 130 118 107 156 151 149 147 148 148 147 149 152 156 107 118 130 163 223
259 185 146 130 115 164 157 153 151 151 151 151 153 158 165 115 130 146 186 260
228 172 141 129 115 108 104 102 158 158 102 104 108 115 129 141 172 229
292 212 171 143 133 122 115 112 112 112 112 116 122 133 144 172 213 293
292 220 181 156 141 132 127 126 126 127 132 141 156 181 221 293
321 255 206 183 169 161 158 158 161 169 183 206 256 322
394 314 267 233 218 212 212 219 233 268 315 395
378 349 333 333 349 378
ChannelIDwellITimeI(FullIPowerIDays)
IASOB
Figure 6.19: The channel dwell times (in full power days) for each channel in the inner
annular seed outer blanket (IASOB) configuration.
276 264 257 257 264 276
296 246 214 127 122 121 121 122 127 215 246 297
257 136 117 108 103 102 320 320 102 103 108 118 136 258
244 127 109 100 197 194 295 299 299 295 195 197 100 109 127 245
257 125 106 97 191 289 290 292 295 295 292 290 289 191 97 107 126 260
209 108 97 191 288 328 333 337 341 341 337 333 328 190 192 98 109 212
241 117 99 194 191 329 336 341 345 349 349 345 342 337 331 294 196 100 119 244
210 107 196 294 333 337 342 286 288 291 291 289 286 344 340 336 298 199 108 213
269 123 101 193 296 339 343 286 288 291 294 294 291 289 287 345 342 299 196 102 125 273
251 117 99 294 337 344 347 288 290 293 296 296 293 292 290 349 347 341 298 100 118 255
242 115 306 296 340 346 349 290 291 293 296 296 294 292 291 351 349 343 299 310 116 246
242 115 306 296 339 345 348 289 291 293 295 296 293 292 291 351 348 342 299 310 116 246
251 117 99 293 335 342 345 287 289 291 294 294 291 290 289 348 345 339 297 100 118 255
269 123 101 193 294 336 341 284 286 288 291 291 289 287 286 343 339 297 195 102 125 273
211 107 196 293 330 335 340 283 284 287 287 285 284 341 337 334 296 198 108 214
242 118 99 193 191 328 334 337 339 342 342 340 338 335 330 293 196 101 119 245
211 109 98 192 288 327 329 330 332 332 330 329 326 190 193 99 110 214
264 128 108 98 193 289 286 285 286 286 285 287 289 193 99 109 129 266
257 131 112 102 199 193 190 287 287 190 193 199 102 112 132 259
280 144 123 112 105 100 99 99 100 105 112 124 145 281
344 275 233 135 125 121 121 125 135 233 275 344
322 295 281 281 295 322
ChannelIDwellITimeI(FullIPowerIDays)
IOMBS
Figure 6.20: The channel dwell times (in full power days) for each channel in the inner
and outer blanket middle seed (IOBMS) configuration.
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Figure 6.21: The radial distribution of time-average channel power in the three secondary
configurations. The colour gradient on all three charts is on the same scale to illustrate the
distributions relative to each other. The channel with the maximum power is marked with
an x.
Again, none of the altered configurations could achieve net breeding, although all had very
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high fissile inventory ratios. IASOB actually resulted in a minor decrease (of about 0.62%)
of the FIR compared to ISOB, although it also offered a large gain to the core-average
discharge burnup (of about 2167 MWd·T-1). Conversely, IOBMS yielded a marginally
higher FIR (of about 0.78%) than IBOS but a substantial decrease in DBU (of about 2786
MWd·T-1). X4SB similarly saw a large increase to FIR (by about 3.2%) compared to XSB,
but a marked decrease to DBU (of about 1240 MWd·T-1).
The fuel compositions were permutated again as part of the secondary configuration sim-
ulations. While the blanket remained constant at 1.4 at%, the seed FNC could actually
be lowered for IOBMS and X4SB while maintaining criticality (to 1.50 at% and 1.55 at%).
This change likely accounted for the increases in FIR and the decreases in DBU in these
configurations. The adjuster rods were not required in IASOB, as power flattening was no
longer as crucial. With the 15% additional allowance on the power limits, the DBU in the
seed region could be lowered, and that of the blanket increased. The gain in FIR as a result
of this was balanced by the lack of breeding due to the blanket operating at very low power.
Furthermore, the centres of fuel pins and the central pins themselves are areas of higher
breeding due to resonance self-shielding; these areas are removed in the ICAF bundle.
The channel power profiles across row L and the axial power profile along channel L11 are
shown in Figure 6.23 and 6.24, respectively.






































































































































































































































































































Figure 6.24: The axial time-average bundle power profile across channel L11 for the three
secondary configurations.
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6.1.2.2 Discussion
The configurations modelled thus far did not yield net-breeding results. While it is pos-
sible to permutate the configurations infinitely, overly complex refuelling schemes are not
necessarily desirable from an operational perspective. A possible conclusion was that the
standard 380-channel PT-HWR cannot viably achieve an SSET cycle, and that design
changes to the reactor are required to aid breeding. Some possible changes to the reactor
design are explored in Section 7.2.
An alternative approach was to instead produce a very high converting reactor, which would
require minimal makeup fissile material from an external source (such as an accelerator
driven system, a coupled reactor operating on an OTT cycle, or a reactor park concept
with a fast breeder reactor supporting several high converting PT-HWRs).
6.1.3 Index of Performance
In order to select the most suitable configuration for a high converting reactor, the results
from Sections 6.1.1.1 and 6.1.2.1 were quantifiably ranked using an Index of Performance
(IP) calculation similar to the work of Bonin [50]. The index was based on 5 parameters
from the results:
• the core-average discharge burnup, DBU, in MWd·T-1 as a fraction of the average
discharge burnup in NU PT-HWRs (7500 MWd·T-1)
• the inverse of the difference of the fissile inventory ratio, FIR, to the ideal value of
1.02 (net breeding with 2% margin for reprocessing losses)
• the margin between the maximum bundle power, BPmax, (in kW) and the time-average
power limit of 850 kW
• the margin between the refuelling rate, RR, (in CV·d-1) and the average refuelling
rate of NU PT-HWRs (2 CV·d-1)
• the inverse of the bundle power form factor, BPFF
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Where A, B, C, D and E are weighting factors with values of A = 0.5, B = 0.02, C = 0.01
kW-1, D = 0.75 d·CV-1, and E = 1.0. The values for these weighting factors were chosen to
correct for the varying scale and units of each parameter. They were also selected such that
FIR had the highest impact, followed by DBU, BPFF, BPmax and RR, respectively. The
results of the index of performance calculation for each configuration are shown in Table
6.3 and Figure 6.25.
Table 6.3: The results of the index of performance calculation, comparing the performance
of the 7 simulated fuelling configurations based on core-average discharge burnup (DBU),
the fissile inventory ratio (FIR), the maximum bundle power (BPmax), the refuelling rate
(RR), and the bundle power form factor (BPFF).
Configuration DBU FIR BPmax RR BPFF IP
(MWd·T-1) (kW)
(CV·d-1)
SF 6868 0.999 828 1.98 1.83 2.21
XSB 8660 0.959 819 1.57 1.81 2.09
ISOB 7449 0.988 827 1.82 1.83 2.03
IBOS 9950 0.991 792 1.36 1.75 2.99
IASOB 9616 0.982 808 2.00 2.05 2.08
IOBMS 7164 0.999 827 1.90 1.83 2.27
X4SB 7419 0.991 786 2.00 1.74 2.39

























Figure 6.25: The results of the index of performance calculation, comparing the perfor-
mance of the 7 simulated fuelling configurations based on core-average discharge burnup
(DBU), the fissile inventory ratio (FIR), the maximum bundle power (BPmax), the refu-
elling rate (RR), and the bundle power form factor (BPFF).
It was observed that IASOB and X4SB did indeed improve on ISOB and XSB (although
only marginally in the former case). Additionally, SF was found to be competitive with
the secondary configurations. Overall, IBOS has the highest IP value by a wide margin,
owing to its low BPmax, refuelling rate, and high DBU. IBOS was thus selected for further
investigation with instantaneous power simulations.
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6.2 Instantaneous model
While the time-average calculation is useful for fuel cycle development by simulating the
reactor in steady state conditions, it does not present a true picture of the real-time response
of the reactor to transients. The most important of these is refuelling, which is performed
regularly during normal operation. Instantaneous calculations are performed in DONJON
using TINST: module. This model requires a “snapshot” of instantaneous bundle powers
and burnups to use as a starting point to which permutations can be applied. While the
time-average bundle powers can be used as a starting point, the time-average model does
not produce individual bundle burnups. Rather, burnup limits (i.e., bundle burnup prior to
and following a refuelling operation) are provided. An example of the bundle burnup limits
is shown in Figure 4.5. To generate individual burnups from the limits, an “age map” of
the reactor (which denotes how far between the limits each channel is) was developed.
6.2.1 Age map development
The age map gives the “age” of each channel, or how far along its refuelling cycle it is.
For example, in a 380 channel reactor, a channel with age 95 is 95/380 = 25% through its
refuelling cycle.
This concept also roughly represents the refuelling order of the reactor where the channel
with the highest age is due to be refuelled next. In realistic scenarios, reactors are not
refuelled strictly following a set order. The criteria for refuelling channel selection used
in this thesis are described in Section 6.2.2. The age map is merely required to create an
instantaneous “snapshot” of bundle burnups.
The development of the age map was performed using numbered pattern squares. At first,
four simple 2× 2 patterns were arranged in an order according to another 2× 2 pattern, as
shown in Figure 6.26. This was then expanded to a 4× 4 pattern, numbering from 1 to 16,
by procedurally assigning numbers according to the previous patterns.
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1 3 4 2 3 2 2 3
2 4 1 3 4 1 1 4
4 2 3 2 14 6 11 7
1 3 4 1 2 10 15 3
2 3 1 3 8 12 1 9




Figure 6.26: A demonstration of the development of a 4×4 pattern, used for development
of an age map.
The 4×4 pattern was then applied to the reactor using a strategy similar to that employed
in Reference [124]. Since the seed and blanket were considered to age independently, the
pattern was applied to each of them separately. Each region is divided roughly into 4 × 4
squares and the produced pattern is applied (Figure 6.27a). Ages were again numbered
procedurally based on the pattern from Reference [124] shown in Figure 6.27b.
3 2 10 15 3 2 10 15 3 2
1 9 8 12 1 9 8 12 1 9 8 12
16 5 13 4 16 5 13 4 16 5 13 4 16 5
6 11 7 14 6 11 7 14 6 11 7 14 6 11
10 15 3 2 10 15 3 2 10 15 3 2 10 15
8 12 1 9 8 12 1 9 8 12 1 9 8 12 1 9
4 16 5 13 4 16 5 13 4 16 5 13 4 16 5 13
14 6 11 7 14 6 11 7 14 6 11 7 14 6 11 7
2 10 15 3 2 10 15 3 2 10 15 3 2 10 15 3
12 1 9 8 12 1 9 8 12 1 9 8 12 1
16 5 13 4 16 5 13 4 16 5 13 4 16 5
6 11 7 14 6 11 7 14 6 11 7 14 6 11
15 3 2 10 15 3 2 10 15 3 2 10













Figure 6.27: (a) Application of the developed 4× 4 pattern to the IBOS blanket region
(b) Ordering of the blanket region subdivisions.
The resulting age maps for the blanket and seed regions are shown in Figures 6.28 and 6.29,
respectively.
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E 33 22 117 175 34 14 110 168 27 20
F 7 104 91 142 8 105 84 135 1 97 89 141
G 187 56 153 45 188 57 154 40 181 50 148 44 186 55
H 70 131 80 159 63 124 75 166 72 133 82 161 65 126
J 119 177 36 16 112 170 29 25 121 179 38 18 114 172
K 93 144 10 107 86 137 3 99 95 146 12 108 88 139 5 101
L 46 189 58 155 41 182 51 149 48 191 60 156 43 184 53 151
M 162 66 127 77 167 73 134 83 160 64 125 76 165 71 132 81
N 19 115 173 31 26 122 180 39 17 113 171 30 24 120 178 37
O 140 6 102 96 147 13 109 87 138 4 100 94 145 11
P 185 54 152 49 192 61 157 42 183 52 150 47 190 59
Q 67 128 78 158 62 123 74 164 69 130 79 163 68 129
R 174 32 15 111 169 28 23 118 176 35 21 116





Figure 6.28: The developed age map for the blanket region of the IBOS configuration
(192 channels). This can be interpreted as the channels’ order of refuelling.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
A 62 126 73 153 54 118
B 170 31 20 112 173 33 15 103 164 25 19 110
C 137 7 95 85 140 10 97 77 132 1 90 84 139 8
D 40 183 48 148 42 185 50 150 37 179 44 146 41 184 49 149
E 160 64 128 75 155 58 122 70
F 22 114 175 107 168 29
G 99 87 142 5 93 81
H 56 120 68 162 65 130
J 17 105 166 27 23 116 177 36
K 79 134 3 144 13 101
L 38 181 46 187 52 151
M 163 66 131 57 121 69
N 24 117 178 106 167 28
O 89 145 14 102 80 135 4 92
P 188 53 152 39 182 47
Q 156 59 123 129 76 161
R 108 169 30 115 176 35
S 136 6 94 82 88 143 12 100
T 158 61 125 72 154 55 119 67 159 63 127 74 157 60 124 71
U 111 172 32 16 104 165 26 21 113 174 34 18 109 171
V 9 96 78 133 2 91 86 141 11 98 83 138
W 180 45 147 43 186 51
Figure 6.29: The developed age map for the seed region of the IBOS configuration (188
channels). This can be interpreted as the channels’ order of refuelling.
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Having the age map available, the instantaneous burnup for each bundle was calculated by:




Where b is the index for bundles, BUL0 and BUL1 are the burnup limits before and after a
refuelling operation, CA is the channel age, and nFR is the number of channels in the fuel
region. For example, the instantaneous burnup of a bundle with limits of 10 MWd·kg-1 and
0 MWd·kg-1, with channel age of 45 in a 180 channel region can be calculated as:
BUinst,b = 0 +
45
180
× 10 = 2.5 MWd·kg-1 (6.3)
6.2.2 Refuelling criteria
While the age map can be interpreted as a rough channel refuelling order, it is not a
very rigorous method for selecting channels to refuel. Channel selection for refuelling is
best performed as a dynamic process, based on the state of the reactor at the time of the
operation. PT-HWR refuelling engineers typically perform simulations of their cores prior
and following the refuelling of a selected channel to ensure that their selection criteria are
met.
In this work, channels were selected for refuelling at intervals calculated based on the refu-
elling rate using criteria outlined in Reference [28]. At first, the following were eliminated:
• channels with an instantaneous power within 10% of the maximum licensed channel
power (i.e., 6,570 kW) and their 4 closest neighbours
• channels refuelled within the previous 10 FPD and their 8 closest neighbours
• channels with refuelling ripple greater than 1.07 and their 4 closest neighbours
• channels with average burnup in bundles to be discharged lower than 75% of the
time-average discharge burnup for that channel
The channel to be refuelled was then selected from those remaining based on a desirable
combination of:
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• channels with high burnup in bundles to be discharged, relative to their time-average
discharge burnup
• channels with low power or in proximity to low power channels, relative to respective
time-average channel powers
• channels which, when refuelled, will promote radial and azimuthal symmetry in the
channel power distribution
6.2.3 Refuelling scheme options
The time-average calculations performed in Section 6.1 assumed an 8-bundle shift scheme
in every configuration. In the process of performing instantaneous simulations, it was
determined that this was not a viable refuelling scheme. Since refuelling is the main method
of positive reactivity addition in a PT-HWR, adding too many fresh bundles at once can
cause large gains of reactivity and subsequent power peaking in the refuelled channel. Due
to the relative high reactivity of seed fuel and low reactivity of blanket fuel, this is more
significant when refuelling seed channels. As a result, the IBOS model was revised with
4-bundle shift in the seed channels.
There were two options available at this juncture. The blanket could be refuelled with
8-bundle shift, which would keep the refuelling rate low. However, this would also result
in larger swings in channel and bundle power when the blanket was refuelled. The second
option was to also refuel the blanket with 4-bundle shift, which would allow the nominal
reactor power to be increased to 110% FP, but would also result in a higher refuelling rate.
These options were both modelled and investigated under the names IBOS48 and IBOS44.
The burnup zone maps for these two configurations are shown in Figure 6.30.




























Figure 6.30: The burnup zone maps of the inner blanket outer seed (IBOS) configuration
variants. Blue channels are fuelled with blanket bundles (1.4 at% 233U) and red channels
with seed bundles (1.6 at% 233U). IBOS48 uses 4 bundle-shift in the seed and 8 bundle-shift
in the blanket, while IBOS44 uses 4 bundle-shift in both regions.
The time-average results of the altered models are shown in Table 6.4. The reactivity lost
by changing the seed and blanket to 4-bundle shift necessitated lowering of the discharge
burnup in several regions. As a result, the core-average discharge burnup was reduced signif-
icantly in both variants (by 128 MWd·T-1 in IBOS48 and 593 MWd·T-1 in IBOS44). While
the refuelling rate in IBOS48 was equivalent to that of an NU reactor, IBOS44 required 6
additional channel visits in every 5-day period. The major advantage of IBOS44 was the
additional production of 206 MWth of reactor power (roughly equivalent to 70 MWe).
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Refuelling Scheme (Bundles Shifted·CV-1)
Seed 4 4
Blanket 8 4
Reactor Power (MWth) 2061.40 2267.54
Core Average
Burnup (MWd·T-1) 9822.7 9357.0
Peak Channel












6.2.4 Instantaneous simulation results
The refuelling frequency for the two variants are shown in Table 6.5. Since the seed and
blanket were considered to age independently, the time between refuelling of each was
also incremented separately. For simplicity, a 24-hour refuelling cycle was assumed in the
simulation. The time increment between refuelling operations was defined as the inverse of
the channel visit rate. A period of 10 full power days of operation was simulated for each
IBOS variant. For IBOS48, this consisted of the refuelling of 12 seed channels and 9 blanket
channels. For IBOS44, 14 seed channels and 20 blanket channels were refuelled.
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Table 6.5: The refuelling rates and time between channel visits for the IBOS variants
separated by fuel region.
Refuelling Rate Refuelling Scheme Time between Refuellings
(kg·d-1) (CV·d-1) (Bundles·CV-1) (d) (h)
IBOS48 209.9 1.96 0.51 12.2
Seed 87.9 1.16 4 0.86 20.7
Blanket 122.0 0.8 8 1.24 29.9
IBOS44 242.3 3.19 0.31 7.52
Seed 102.2 1.35 4 0.74 17.8
Blanket 140.1 1.85 4 0.54 13.0
The process followed for simulating each refuelling operation is shown in Figure 6.31. Two
simulations were performed for each refuelling operation. The simulation just prior to the
refuelling was used to select the channel to be refuelled according to the rules outlined in
Section 6.2.2. The simulation just after was used to observe the response of the core to






Simulate core just 
after refuelling 
Increment by 
time period to 
next refuelling
Figure 6.31: Simple flowchart of the refuelling procedure used to generate the instanta-
neous power histories.
The full list of channels refuelled are given in Appendix B. The history of peak bundle
power for IBOS48 and IBOS44 are shown in Figures 6.32 and 6.33, respectively.
As expected, there were large peaks in maximum instantaneous bundle power following
several of the blanket refuellings in IBOS48 (in particular: channels P09, P05, and G09).
Even at the highest peak, however, the maximum bundle power was still 7% below the
license limit. There were actually several drops in power as a result of refuelling (particularly
channels T08, T16, and L02). These represented instances of ideal refuelling, where power
was better distributed as a result.
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While the maximum time-average BP and averaged maximum instantaneous BP (denoted
by blue and green horizontal lines, respectively) were clearly higher in the IBOS44 history,
there are overall much smaller swings in power. The power is initially quite high and settles
down by the second day. This may be due to the imperfect methodology of using the time-
average bundle powers as a starting point. The validation of DONJON against operating
data [103] also found that the margin of error when simulating histories decreased with
simulation time.
The trends of the channel power peaking factor (CPPF) for both configurations are shown
in Figure 6.34. Both trends were in general higher than what is experienced in NU reactors.
This was expected since the fresh fuel employed in IBOS had higher initial reactivity than
NU fuel. This was also not of significant safety concern since the instantaneous bundle




























Time (Full Power Days)
100%FP, 8 Bundle Shift in Blanket, 4 Bundle Shift in Seed
110%FP, 4 Bundle Shift in Blanket, 4 Bundle Shift in Seed
Figure 6.34: History of the CPPF for the IBOS48 (orange) and IBOS44 (blue) variants
over 10 FPD of refuelling.
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6.2.5 Misfuelling events
Since the overall complexity of the refuelling process was increased, it was considered impor-
tant to anticipate certain misfuelling events based on human error. Several such scenarios
were explored using the IBOS48 and IBOS44 models at the end of the 10 FPD refuelling
simulation shown in Section 6.2.4.
6.2.5.1 Blanket channel refuelled with seed bundle
Since there were two types of fuel in the proposed configurations and the fuel bundles
themselves are visibly indistinguishable, it is possible that a given channel might be refuelled
with the wrong fuel type. The scenario of highest safety concern is the insertion of higher
reactivity seed fuel into a lower reactivity (but higher power) blanket channel. The impact
of this scenario is particularly high in the IBOS48 variant, where 8 seed bundles could
potentially be inserted into the core.
For IBOS48, this consisted of inserting 8 seed bundles into channel G05 (the final channel
refuelled in Section 6.2.4). The axial distributions of bundle power in channel G05 before
and following the misfuelling are shown in Figure 6.35. As expected, inserting 8 seed bundles
into the blanket region resulted in a very large jump in power generated by the refuelled
bundle positions, with maximum BP in excess of 1100 kW. The gain in reactivity was,
however, somewhat modest.
In real operation, the reactor regulating system (RRS) would respond to control reactivity
or reduce power (depending on what setpoint is triggered first). The PT-HWR reactivity
devices are capable of ensuring safe operation in this scenario. As shown on Figure 6.35,
filling LZC 1 and 8 reduces maximum bundle power to below the license limit and keff to
below the pre-fuelling value. Since the adjuster rods are held outside of the core, they can
also be used to control reactivity and reduce power in these scenarios.
The last IBOS44 blanket channel to be refuelled in the 10 FPD simulation was J18, in
which 4 seed bundles were inserted. The resulting axial distributions this channel before
and following the misfuelling, as well as if the refuelling had been performed correctly (with
4 blanket bundles) are shown in Figure 6.36. Overall, the IBOS44 configuration experienced
a much smaller spike in power due to only using 4-bundle shift in the blanket.
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Figure 6.35: Axial bundle power profile in IBOS48 blanket channel G05 before refuelling,





































Figure 6.36: Axial bundle power profile in IBOS44 blanket channel J18 before refuelling,
after misfuelling with seed bundles, and after correctly refuelling with blanket bundles.
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6.2.5.2 Seed channel refuelled with blanket bundle
This scenario is likely to be of far less safety concern than the previous. Refuelling a
seed channel with a blanket bundle is not likely to significantly increase the power in that
channel. Power and flux may in fact, even be reduced drastically. However, since powers in
the reactor are based on a balance, a sharp reduction in power in one channel may result in
peaking in another. Additionally, if the loss of reactivity is significant, core criticality may
be affected.
For IBOS48, channel U10 was selected as the next seed refuelling site, and 4 blanket bundles
were inserted. The axial distributions of bundle power in channel U10 prior to refuelling,
following misfuelling with blanket bundles, and following correctly fuelling with seed bundles
are shown in Figure 6.37. In this case, the misfuelling event resulted in overall reduced
axial tilt and lower bundle powers (particularly in the freshly inserted bundles) than if the
operation had been carried out correctly.
In IBOS44, the final seed channel selected for the simulation (B10) was refuelled with 4
blanket bundles and the resulting power distribution is shown in Figure 6.38. In this case,
the power in the inserted bundles was overall lower, although a “plateau” shape still existed.
It should be noted again that although the two variants yield very similar results, IBOS44
was actually operating at 10% higher power. While its “Before refuelling” and “After correct
refuelling” powers are higher than those of IBOS48, this variant experienced much smaller
swings in power in response to perturbations.





































Figure 6.37: Axial bundle power profile in IBOS48 seed channel U10 before refuelling,





































Figure 6.38: Axial bundle power profile in IBOS44 seed channel B10 before refuelling,
after misfuelling with blanket bundles, and after correctly refuelling with seed bundles.
Chapter 6. Full core simulation results 111
6.2.5.3 Seed channel refuelled from incorrect direction
The bi-directional refuelling of PT-HWRs generally promotes axial symmetry in bundle
powers in a given channel. Immediately following refuelling, however, the bundles newly
inserted in the channel cause an axial tilt in flux and power. This is generally accounted
for with bi-directional refuelling by radially surrounding these bundles with higher burnup
bundles refuelled from the opposite direction. In the event of a channel being refuelled
from the wrong direction, the fresh fuel inserted is surrounded by those with relatively low
burnup. This scenario may produce unexpected ripples in power and reactivity.
This event was simulated in IBOS48, again using channel U10. This channel is normally
fuelled from the front of the reactor (i.e., fresh bundles are inserted into positions 1-4),
and was instead refuelled from the back of the reactor (i.e., fresh bundles were inserted
into positions 9-12). Similarly, channel B10 (which is also normally fuelled from the front
of the reactor) was used to simulate the scenario in IBOS44. The resulting axial power
distributions are shown in Figures 6.39 and 6.40, respectively.
In both cases, the “correct refuelling” actually resulted in higher powers than the misfuelling.
A consequence of inserting fuel from the wrong direction with 4-bundle shift is that bundles
with very high burnup which were to be discharged were instead pushed to the centre of
the core. This depressed flux and power in the channel and its periphery.




































Figure 6.39: Axial bundle power profile in IBOS48 seed channel U10 before refuelling,



































Figure 6.40: Axial bundle power profile in IBOS44 seed channel B10 before refuelling,
after misfuelling from the wrong direction, and after refuelling from the correct direction.
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6.2.5.4 Blanket channel refuelled from incorrect direction
Similar to the previous section, blanket channels were refuelled from the opposite direction.
Channel G05 (which is normally refuelled from the front of the reactor) and J18 (which
is refuelled from the back) were used to simulate this scenario in IBOS48 and IBOS44,
respectively. The resulting axial power distributions are shown in Figures 6.41 and 6.42.
Since the blanket is refuelled by 8-bundle shift in IBOS48, the resulting power profile roughly
mirrored the “correct” shape.




































Figure 6.41: Axial bundle power profile in IBOS48 blanket channel G05 before refuelling,




































Figure 6.42: Axial bundle power profile in IBOS44 blanket channel J18 before refuelling,
after misfuelling from the wrong direction, and after refuelling from the correct direction.
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6.2.5.5 Seed channel refuelled twice
In Section 6.2.3, it was determined that refuelling seed channels by 8-bundle shift caused
ripples larger than could be tolerated. In effect, this is equivalent to refuelling the same
channel twice in succession. This event may therefore have the highest safety impact of
the scenarios studied. To simulate this scenario, a regular seed refuelling operation was
performed, but the following refuelling was also performed on the same channel (such that
there was a time gap between the two events).
In theory, this scenario should be controllable in IBOS48, since it is similar to Section 6.2.5.1,
in which 8 seed bundles were inserted into a blanket channel. The resulting axial power
distribution is shown in Figure 6.43. Without the use of any reactivity control devices, the
bundle power limit was exceeded. This could however be controlled by filling LZC 5 and 12
to 50%. Similarly, the power distribution in IBOS44 is shown in Figure 6.44. The power
limit was also exceeded in this case, but could be controlled by filling LZC 3 and 10 to 75%.
Note that increases in power would also result in a loss of reactivity, due to the negative
power coefficient of reactivity of thorium-based fuels. This cannot be observed in the results
since DONJON does not account for fuel power dependence.
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Figure 6.43: Axial bundle power profile in IBOS48 seed channel U10 before refuelling,
after refuelling the same channel twice, and after refuelling the same channel twice with


























Axial Bundle Position (Channel B10)
Bundle Power Limit
After refuelling twice









Figure 6.44: Axial bundle power profile in IBOS44 seed channel B10 before refuelling,
after refuelling the same channel twice, and after refuelling the same channel twice with
corrective reactivity control response.
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6.2.5.6 Blanket channel refuelled twice
In the IBOS48 variant, refuelling a blanket channel twice effectively results in a channel
with completely fresh fuel. The power distribution for this event is shown in Figure 6.45,
and is approximately parabolic in shape. Since all of the fuel in the channel was fresh, there
was no variation in fuel composition between bundles and the flux and power densities were
solely affected by bundle position.
In IBOS44, double refuelling a blanket channel (J18) was essentially performing an 8-bundle
shift. The gain in reactor power in this variant was enabled by reducing the bundle shift in
the blanket. Double fuelling a channel may therefore result in bundle and channel powers
beyond the license limits. The results of the simulation are shown in Figure 6.46. Although
there was a significant increase in power, the maximum power in the channel was still well
below the instantaneous bundle power limit.





































Figure 6.45: Axial bundle power profile in IBOS48 blanket channel G05 before refuelling,





































Figure 6.46: Axial bundle power profile in IBOS44 blanket channel J18 before refuelling,
after refuelling, and after refuelling the same channel again.
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6.2.5.7 Fuelling machine unavailability
Since the fuelling machines are the primary mode of positive reactivity addition in PT-
HWRs, their availability is operationally very important. In the event of one of the two
machines breaking down, the reactor can be temporarily sustained by the other. If both
machines are temporarily unavailable, PT-HWRs that use adjusters can withdraw them to
add positive reactivity as required. In the IBOS configuration, all adjusters were withdrawn
to provide additional reactivity and allow greater burnup. It was therefore important to
know the rate of reactivity decay in a scenario where both reactivity machines were un-
available. The scenario was simulated in DONJON for the IBOS48 and IBOS44 models by
incrementing time without performing refuelling operations after the 10 FPD simulation
outlined in Section 6.2.4. The results for both variants, including linear regressions, stan-
dard deviations of the slopes (sslope), and coefficients of determination (R

























Figure 6.47: The rate of decay of reactivity in the IBOS48 and IBOS44 variants with
time if no refuellings are carried out starting at t = 0.
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The reactivity can be seen to decay at an approximately linear rate in both models at
a rate of -0.266 mk·FPD-1 for IBOS48 and -0.272 mk·FPD-1 for the IBOS44. These are
slightly lower than the decay rate of -0.4 mk·FPD-1 in the CANDU-6 (i.e., natural uranium
PT-HWR). Since no adjusters can be withdrawn to offset this reactivity decay, reactor
power may be reduced instead. As shown in Section 5.4, the power coefficient of reactivity
is approximately −0.35 mk·%FP-1. Therefore, in the case of prolonged fuelling machine




The results of Sections 5 and 6 and some implications of these shall be discussed in this
chapter.
7.1 Breeding capability
Numerous studies in the past have stated that a PT-HWR core should be able to attain a
self-sustaining equilibrium cycle. The results of this thesis would indicate that this is not
possible when maintaining operability without at least minor changes to the core (discussed
in Section 7.2). Despite many variations of many configurations attempted, none produced
a convincingly net breeding core (with FIR > 1.02 to account for reprocessing losses). The
annual external feed of fissile material required is calculated by:
Annual External Feed = 365.25 d · a−1 ·
Z∑
z=1
rz · FNCz · CRz (7.1)
and is found to be 13.2 kg·a-1 for IBOS48 and 15.3 kg·a-1 for IBOS44.
It should be noted that these results are subject to a number of uncertainties. The modelled
configurations could achieve net breeding in reality, or they may be even further from this
goal than the results show. The sources of uncertainty are discussed further in Section 7.4.
121
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7.2 Reactor changes
The initial goal of this work was to explore the breeding capability of PT-HWRs (in partic-
ular the 700 MWe Gentilly-2 type design) without changing the physical core itself. While
this reactor is very robust and adaptable, it was originally designed with the natural ura-
nium fuel cycle in mind and is thus not optimized for the thorium fuel cycle [83]. Some
slight alterations to the system have been proposed in the past to improve neutron economy
and boost breeding [47]. All of these options likely represent additional cost, which increases
the economic impact of breeding.
From a technical perspective, one of the easiest methods of enhancing neutron economy is
increasing the heavy water purity of the moderator. The existing design uses heavy water
at a purity of 99.75 at% (D2O in H2O). Higher purities at increments of 0.05 at% were





















Figure 7.1: The evolution of k∞ with burnup varied by moderator purity.
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The effect of higher purities on reactivity was not as large as expected, and the effect on
breeding was negligible. The improvement in neutron economy, though relatively small,
may be sufficient to permit net breeding. However, the cost and difficulty of attaining and
maintaining higher purities may not be worth the relatively modest gain in reactivity.
A further option is the enrichment of 90Zr in the structural components (namely the pres-
sure tube, calandria tube, and perhaps the fuel sheath). Of the naturally-occurring isotopes
of zirconium, 91Zr has the highest capture cross-section in the thermal neutron range by a
significant margin (see Table 7.1). In the process of separating 91Zr from 90Zr, all heavier
isotopes would also be removed from the latter. The resulting “enriched” zirconium would
be more neutronically efficient. This option would require the development of an industrial
capability for isotopic separation in zirconium, which is likely to be expensive. In theory,
zirconium recovered from the components of older reactors which have been removed as
part of refurbishment should also be depleted of high absorption isotopes.
Table 7.1: Capture cross-sections of the naturally-occurring isotopes of zirconium,
adapted from [125].
Isotope Abundance Thermal capture Fast capture
cross-section (b) cross-section (b)
90Zr 51.5% 0.0328 0.0157
91Zr 11.2% 0.5367 0.1604
92Zr 17.1% 0.0860 0.0329
94Zr 17.4% 0.0301 0.0198
96Zr 2.8% 0.0129 0.1996
The IAEA WIMS format nuclear data libraries do not distinguish between isotopes of
zirconium, therefore this solution could not be directly modelled. An alternative method
for approximating the neutronics of this option is to simulate the pressure tube, calandria
tube, and cladding with zero density. Although this method does not accurately portray
the effect of 90Zr enrichment, it provides some context on the parasitic losses to structural
components. The results of the DRAGON simulation of the lattice cell with zero-density
components is shown in Figure 7.2. As expected, there were large gains in reactivity with
zero-density components, with the largest contribution from the pressure tube. There was
a very small negative effect on breeding, likely due to additional neutron captures in 233Pa
(as a result of fewer captures in components).
















































Figure 7.2: The evolution of (a) FNC and (b) k∞ with burnup as a result of reactor
components reduced to zero density, to simulate 90Zr enrichment.
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The third possible design modification that may enhance breeding is reducing the lattice
pitch. The previous two options can be adapted in existing plants with varying financial
costs. Reducing the lattice pitch requires re-designing the core entirely. The Advanced
CANDU Reactor (ACR) was designed with a lattice pitch of 22 cm [126] (compared to
28.575 cm for the standard CANDU) as an effort to reduce the CVR by lowering the
moderator-to-fuel ratio. The reduced pitch resulted in an under-moderated state which
necessitated the use of light water coolant and slightly enriched fuel. As previously discussed
in Section 3.1.2, a Swedish study involving a flexible PHWR core [55] found that lowering
the moderator-to-fuel ratio reduced attainable burnup (viz., reactivity) but also enhanced
breeding.
Smaller lattice pitch cells were modelled in in DRAGON by reducing the width of the
moderator square (see Figure 4.1 for visual context). The results of this simulation are
shown in Figure 7.3. As stated in the literature, reducing the lattice pitch resulted in much
greater breeding and much lower reactivity. It was further observed that the relationship
between lattice pitch and FNC/k∞ is not linear and that increases in pitch yield diminishing
returns.
The most effective change may therefore be a small decrease in lattice pitch, perhaps to
26 cm. In general, a smaller lattice pitch reactor will require higher FNC fuel or lower
average burnup to offset the loss in reactivity. It is difficult to know where the balance
between the higher conversion rate and higher initial FNC or lower DBU lands, as effectively
modelling this option requires a reactor re-design. A new core model with re-positioned
reactor components and reactivity devices would need to be developed. This warrants
further investigation in the future.



















































Figure 7.3: The evolution of (a) FNC and (b) k∞ with burnup, varied by lattice cell
pitch. The moderator-to-fuel ratio is also provided for context.
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7.3 Coolant void reactivity
As discussed in Section 2.8, the coolant void reactivity (CVR) is an important safety pa-
rameter for which a smaller magnitude value is preferable. The positive CVR of PT-HWRs
is often considered a drawback of the design [127], and has hindered international adoption
of the technology. A reduction to CVR is therefore desirable and beneficial to the viability
of modifications to the fuel cycle. The core-averaged CVR for a fresh core (CV RCA,F )
and the core-averaged burnup-integrated CVR (CV RCA,BUI) were calculated for the IBOS












Where z is the index of fuel zones and nchan is the total number of fuel channels. The
core-averaged fresh CVR for the IBOS configuration is calculated to be 10.2 mk and the
core-averaged burnup-integrated CVR is calculated as 9.7 mk. For reference, the CVR for
a fresh and equilibrium NU PT-HWR are 20 mk and 15 mk, respectively [119]. IBOS
thus represents a significant decrease to the CVR from the status quo. In terms of reactor
control, this may offset the reduction in β when using 233U as the fissile isotope.
The power dependence, lower β, and different fission product yields of thorium-based fu-
els makes reactor control an interesting subject for future study. Significant changes to
operating procedures and control systems may be necessary for safe operation.
7.4 Note on accuracy
As discussed in Section 3.6, there are several sources of uncertainty present in this work.
The largest of these is the nuclear data available for the thorium fuel cycle. The cross-
sections of the nuclides associated with thorium (230Th, 232Th, 231Pa, 233Pa, 232U, 233U,
234U, and 236U) [128] have historically not been studied as well or as often as those of the
uranium/plutonium cycle [5]. The development of better data as well as further empirical
research is necessary before computational thorium fuel cycle studies can be approached
with a high level of certainty. The bulk of the modern set of cross-sections date back to
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the 1970’s and 1980’s [128]. The present standard nuclear data libraries show significant
errors, particularly in the resonance and epithermal regions [128]. Experimental studies are
ongoing, particularly in Japan [5, 129].
The codes commonly used for nuclear reactor physics simulations are also more accurate
for the uranium cycle than thorium. DRAGON was used in conjunction with the 69-group
ENDF/B-VII.0 nuclear data library. The energy group discretization or binning employed
by this library and the homogenization performed by DRAGON are based on the neutron
energy spectrum of a uranium-based system. This is a further potential source of error,
as thorium-based fuel will operate with a slightly different spectrum. To rectify this issue,
codes capable of utilizing continuous-energy spectra (such as Serpent) can be used. The
drawback of these codes is that they require greater computational resources and longer
running times.
DONJON operates using homogenized lattice cells calculated at constant power by DRAGON.
The composition and reactivity of thorium fuel is much more sensitive to power history. It
is therefore more difficult to obtain an accurate portrayal of the reactor, even in equilibrium
conditions. In this thesis, regions of the core were discretized and grouped by fuel type and
channel power. In effect, channels groups with large differences in power were treated as
separate fuels using separate CPO libraries (as is portrayed in Appendix A). While this ap-
proach accounts for some of the effects of the power dependence of the fuel, the necessarily
generalizations still present a source of error. A more accurate alternative is to model the
reactor without lattice homogenization, but this is again computationally very expensive.
The advance of physics codes and the decrease in cost of computation will alleviate this
issue over time.
While DRAGON and DONJON have been validated for natural uranium fuel in PT-HWRs,
their accuracy for thorium-based fuels has not been demonstrated. It would be expedient
to model existing international benchmarks that use thorium-based fuel, such as those in
References [130–133] as a first step in verification of these codes. As a more comprehensive
second step, the models of this thesis could be reproduced in a stochastic code (e.g., MCNP-
6, Serpent) and the results compared. Full validation of DRAGON and DONJON for the
thorium fuel cycle will not be possible until an operating thorium reactor exists.
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7.5 Proliferation resistance
It should be acknowledged that a breeder reactor carries some risk of proliferation since it
requires the separation of fissile material. It is however, one of the least ideal and most
expensive methods of obtaining and diverting this material for use in nuclear weapons. The
presence of 232U does not make the thorium fuel cycle entirely resistant to proliferation, but
the high energy gamma radiation emitted during its decay chain (by the decay of 208Tl)
makes spent Th/233U fuel dangerous to handle and easy to detect. The relatively low
amounts of 233U present in the fuels considered in this work necessitate that large quantities
of fuel must be diverted in order to harvest fissile material sufficient for a weapon. There
are simply much easier, less expensive, and more widely available techniques for gathering
material for a nuclear weapon. The cost and technical challenge associated with this system
are its greatest safeguards.
Chapter 8
Conclusions
This thesis set out to answer several questions on self-sustaining equilibrium thorium cycles
in pressure tube heavy water reactors:
1. Is it possible to operate the currently existing 700 MWe-class PT-HWR as a net
breeder on a thorium fuel cycle?
While acknowledging the possible sources of error with the computational work performed
(see Section 7.4), the current results indicate that the standard reactor cannot achieve net
breeding. While very high converting configurations were developed, with FIR as high
as 0.999, a truly self-sustaining cycle needs to breed at 2-3% above unity to account for
reprocessing losses. The 700 MWe PT-HWR design as it currently exists cannot do so.
2. Is it possible to operate this reactor at full power and meet existing license limits on
bundle and channel power?
Depending on the configuration employed, this is possible. Common seed and blanket
configurations which place the seed in the centre of the core ultimately must reduce reactor
power in order to be operationally viable. The reverse configuration, with the net-burning
seed fuel placed on the periphery of the core and the net-burning blanket is located at the
centre, shows greater promise. In this inner blanket outer seed arrangement, not only are
higher burnup and FIR possible, but reactor power may actually be increased while still
abiding by the license limits.
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3. Are heterogeneity in fuel or heterogeneity in core fuelling beneficial compared to ho-
mogeneous cores in regards to breeding?
Fuel heterogeneity is in general beneficial for breeding, as it provides the capability to
capitalize on the flux dependence of reactivity and breeding with the thorium fuel cycle.
However, heterogeneous fuel bundles do not offer a significant advantage over homogeneous
fuels. A bundle is too small as a fuel formation to benefit from heterogeneity, as there is not
enough variation in power across a single cell. Heterogeneously-fuelled reactors, however,
can be designed to use the power and flux dependence of fuel to enhance breeding capabilities
or extend the average burnup. The flexibility afforded by PT-HWR design further allows
manipulation of fuel loading patterns and variable refuelling rates.
4. What are the safety implications of this form of operation? Do human errors caused
by the increased complexity of fuel management result in uncontrollable scenarios?
Although a definitive safety analysis was not performed, the unaltered reactor design ensures
safe performance of most reactor functions. There was, however, a need to observe the effect
of changes being made to the fuel and fuel management scheme, specifically with regards
to the use of thorium-based fuel.
Since the fuel has a strong negative power coefficient of reactivity, an increase in power
causes a reduction in neutron multiplication. This is an important safety factor, rendering
overpower scenarios easier to control.
Conversely, this coefficient also causes an increase in reactivity when reactor power is de-
creased. While the existing complement of reactivity control devices should be able to
control the reactor in the short term following a trip, reactivity continues to build for ap-
proximately 200 days after shutdown due to the decay of 233Pa. As a result, more shutdown
capability is required for safe operation. Since the adjusters are to be no longer used for
regular operation, they may be used to maintain GSS in the event of an extended shutdown.
It is recommended that their total negative reactivity worth be increased from -15 mk to
approximately -60 mk.
The use of thorium fuel also causes a reduction in equilibrium coolant void reactivity to
about 9 mk, 65% of that of natural uranium PT-HWRs. This is balanced by a lower delayed
neutron fraction from 233U fission than from 235U.
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Since the fuelling configurations and schemes utilized in this thesis represent an added layer
of complexity to the operation of a PT-HWR, the consequences of errors associated with
this complexity were explored. A number of postulated misfuelling scenarios were simulated
to determine the magnitude of their impact and assess the reactor control capability. In all
studied scenarios, the resulting power transient was either within regular license limits or
controllable through the use of liquid zone controls.
A comprehensive safety analysis of the mode of operation presented in this work is required
in order to definitively declare its safety. Since once-through thorium cycles in PT-HWRs
are also under extensive investigation industrially, the safety impact of the thorium fuel
cycle may be a useful avenue for future research.
8.1 Summary
Works in the past [45–48, 56] have repeatedly cited that pressure tube heavy water reactors
(specifically of the CANDU type) should be able to achieve a self-sustaining equilibrium
thorium cycle with discharge burnup of about 10 MWd·kg-1. While the results of this
work do not conclusively disprove this hypothesis, they do cast doubt on the feasibility and
practicality of such a system.
What can be stated is that the current PT-HWR design can operate as a very high convert-
ing reactor on the thorium fuel cycle, particularly with the use of heterogeneous fuelling
configurations. These schemes can also be used to control flux distribution to the point
that nominal reactor power may in fact be increased while maintaining safety limits. Due
to the relatively low contribution of the fuel cycle to overall operating costs of a commercial
plant, an increase in power rating by itself could be far more advantageous than achieving
a self-sustaining cycle.
Of the heterogeneous configurations studied in this work, the inner blanket outer seed
(IBOS) scheme provided the best combination of high burnup, low average power, and high
fissile inventory ratio. If the number of bundles inserted in each refuelling operation is
decreased (and the total number of operations per day is increased), reactor power could be
increased to 110%FP while still meeting the existing license limits on channel and bundle
power.
As is the case with any computational work, there is a significant basis of error present
in the results of this thesis. Improvements in computer codes and computing technology,
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as well as development of more accurate nuclear data will allow more accurate predictive
modelling in the future.
Finally, it should be noted that this work is not offered as a short-term “silver bullet” solu-
tion for the PT-HWR. Thorium fuel cycles (especially those that depend on reprocessing)
are not likely to be economically viable for some time, barring large swings in the price of
uranium. The availability of plentiful uranium resources suggests that humanity is not in
dire need of breeder reactors. This work is instead presented as an operationally viable fuel
cycle option for the medium to long term that does not depend on the development of new
reactor technology or even the construction of new reactors. The design and construction
of new reactor systems has historically been a difficult, costly, and lengthy process with
no guarantee of success. Alternative options for proven designs with extensive operational
experience may, in the long term, be of more use.
“melior est canis vivus leone mortuo.”
“for a living dog is better than a dead lion.”
Ecclesiastes IX.IV
“Better one byrde in hande than ten in the wood.”
John Heywood, A dialogue conteinyng the nomber in effect
of all the prouerbes in the Englishe tongue, 1546.
Chapter 9
Options for extension of work
The following options are recommended avenues for future investigations to extend this
work:
• A comprehensive safety analysis of the thorium fuel cycle in PT-HWRs should be
performed. There are currently multiple research projects worldwide, both academic
and industrial, on the use of thorium-based fuels in PT-HWRs. Given the large
negative power coefficient of reactivity, a safety analysis is required to determine the
safety impact (whether positive or negative) of using thorium fuel. A determination of
the source term in accident scenarios and decay heat generation will also be necessary.
• Mathematical or analytical optimization of the results of this work, similar to that
performed by Bonin [50], may yield significantly improved results. Optimization could
also be performed using the AECL code AESOP (Atomic Energy Simulation of Op-
timization) or the Sandia National Laboratory code DAKOTA (Design Analysis Kit
for Optimization and Terascale Applications).
• While DRAGON and DONJON have been validated for use in NU-fuelled PT-HWRs,
benchmarking the results of this work against other codes would be prudent. This
effort should begin with established international benchmarks using thorium-based
fuels [130–133]. DONJON itself has the capability of using higher order methods
(such as spherical harmonics in place of diffusion) and more neutron energy groups.
The WIMS-AECL and RFSP industrial codes correspond to DRAGON and DON-
JON bijectively and can be used to re-create the models. A stochastic code capable
of performing burnup calculations on a continuous energy spectrum (e.g., Serpent),
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while computationally expensive, may also yield more accurate results. Finally, a de-
pletion code (e.g., ORIGEN) should be used to benchmark the depletion results from
DRAGON.
• The power-dependence of thorium fuel is not currently accounted for in full-core cal-
culations. A lattice code solution that stores homogenized cross-sections in a multi-
dimensional database (over region, energy group, burnup, and power) and full-core
code that integrates over all of these dimensions is required.
• Thermohydraulic analysis in parallel with this thesis is highly recommended. The
power limits for thorium-based fuels may be higher than those of uranium fuel. For
this analysis, it is recommended to use the 37M fuel bundle [134], which has been under
irradiation at OPG and PIE at CNL. This bundle has greater margin to critical heat
flux (CHF) and may allow higher power. Neutronically, the 37M bundle is effectively
identical to the standard 37-element bundle, thus the results of this thesis shall still
be applicable.
• An analysis of the spent fuel characteristics and waste management requirements of
Th/233U fuels is recommended. For short term management and active operation,
decay heat generation must be determined. This is also important for the safety
analysis. For medium-term management, the stated advantages of the thorium fuel
cycle is the lack of minor actinide production. However, nuclides such as 229Th,
230Th, and 231Pa may in fact contribute to medium-term radiotoxicity to the same
extent. For long term management, the precise fission yields of isotopes such as 129I,
99Tc, and 135Cs must be determined.
• An in-depth economic analysis of the fuel management schemes presented in this work
is essential to ascertain their viability. This work should also determine more firmly
the price of uranium at which these fuelling configurations become economical, taking
into account the potential gain in power production.
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2009.
[25] G. Marleau, “DRAGON Theory Manual Part 1: Collision Probability Calculations,”
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[71] S. Şahin, K. Yildiz, H. M. Şahin, N. Şahin, and A. Acir, “Increased fuel burn up in a
CANDU thorium reactor using weapon grade plutonium,” Nuclear Engineering and
Design, vol. 236, pp. 1778–1788, Sept. 2006.
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[73] K. Yildiz, N. Şahin, and M. Alkan, “Neutronic performance of CANDU reactor fuelling
with ThC2/
233UC2,” International Journal of Energy Research, vol. 35, no. 2, pp. 103–
111, 2011.
[74] C. A. Margeanu and A. C. Rizoiu, “Thorium-Based Fuels Preliminary Lattice Cell
Studies for CANDU Reactors,” in Proceedings of the 7th Conference on Nuclear and
Particle Physics, (Sharm El-Sheikh, EG), pp. 239–249, Egyptian Nuclear Physics
Association, 2009.
References 143
[75] C. A. Margeanu and A. C. Rizoiu, “New Perspective on Using Thorium-Based Fuel in
CANDU Reactors,” Journal of Nuclear Research and Development, vol. 1, pp. 35–42,
2011.
[76] B. R. Bergelson, A. S. Gerasimov, G. V. Tikhomirov, and L. Jinhong, “Thorium Self-
Sufficient Fuel Cycle of CANDU Power Reactor,” in Nuclear Energy for New Europe,
(Bled, SI), pp. 046.1–8, 2005.
[77] B. R. Bergelson, A. S. Gerasimov, and G. V. Tikhomirov, “Optimization of the
Thorium-Uranium Regime in CANDU Heavy-Water Reactors,” Atomic Energy,
vol. 101, no. 5, pp. 781–789, 2006.
[78] B. R. Bergelson, A. S. Gerasimov, and G. V. Tikhomirov, “Operation of CANDU
power reactor in thorium self-sufficient fuel cycle,” Pramana Journal of Physics,
vol. 68, no. 2, pp. 143–150, 2007.
[79] C. J. Jeong, C. J. Park, and W. I. Ko, “Dynamic analysis of a thorium fuel cycle in
CANDU reactors,” Annals of Nuclear Energy, vol. 35, no. 10, pp. 1842–1848, 2008.
[80] B. Holmes, Automated Refueling Simulations of a CANDU for the Exploitation of
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Appendix A
Sample experimental process
To refine time-average reactor configurations, an experimental approach was used to arrange
burnup zones and assign discharge burnup values. An abridged sample of this process is
given in this appendix. The single fuel (SF) configuration is used, for simplicity. This
appendix shall attempt to explain the process leading the burnup zone configuration shown
in Figure A.1 from Trial 1 to Trial 7.
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1
1 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2 2 2 2 2 2 2 1
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2 9 9 9 9 2 2 2 2 2 1
1 2 2 2 2 2 3 3 3 3 3 3 2 2 2 2 2 1 1 2 2 2 2 9 3 3 3 3 3 3 9 2 2 2 2 1
1 2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 1 1 2 2 2 3 3 3 7 7 7 7 3 3 3 2 2 2 1
1 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 1 1 2 2 9 3 3 7 7 7 7 7 7 7 7 3 3 9 2 2 1
1 2 2 2 3 3 3 4 4 4 4 4 4 3 3 3 2 2 2 1 1 2 9 9 3 3 7 4 4 4 4 4 4 7 3 3 9 9 2 1
1 2 2 2 3 3 3 4 4 4 4 4 4 4 4 3 3 3 2 2 2 1 1 2 2 9 3 3 3 4 4 4 4 4 4 4 4 3 3 3 9 2 2 1
1 2 2 2 3 3 3 4 4 5 5 5 5 4 4 3 3 3 2 2 2 1 1 2 2 9 3 6 6 6 6 5 5 5 5 6 6 6 6 3 9 2 2 1
1 2 2 2 3 3 3 4 4 5 5 5 5 4 4 3 3 3 2 2 2 1 1 2 2 9 3 6 6 6 6 5 5 5 5 6 6 6 6 3 9 2 2 1
1 2 2 2 3 3 3 4 4 5 5 5 5 4 4 3 3 3 2 2 2 1 1 2 2 9 3 6 6 6 6 5 5 5 5 6 6 6 6 3 9 2 2 1
1 2 2 2 3 3 3 4 4 5 5 5 5 4 4 3 3 3 2 2 2 1 1 2 2 9 3 6 6 6 6 5 5 5 5 6 6 6 6 3 9 2 2 1
1 2 2 2 3 3 3 4 4 4 4 4 4 4 4 3 3 3 2 2 2 1 1 2 2 9 3 3 3 4 4 4 4 4 4 4 4 3 3 3 9 2 2 1
1 2 2 2 3 3 3 4 4 4 4 4 4 3 3 3 2 2 2 1 1 2 2 2 3 3 8 4 4 4 4 4 4 8 3 3 2 2 2 1
1 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 1 1 2 2 2 3 3 8 8 8 8 8 8 8 8 3 3 2 2 2 1
1 2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 1 1 2 2 2 3 3 8 8 8 8 8 8 3 3 2 2 2 1
1 2 2 2 2 2 3 3 3 3 3 3 2 2 2 2 2 1 1 2 2 2 2 10 3 3 3 3 3 3 10 2 2 2 2 1
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2 10 10 10 10 2 2 2 2 2 1
1 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2 2 2 2 2 2 2 1
1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
Trial 1 Trial 7
Figure A.1: Initial and final burnup zone arrangement for the sample SF configuration.
Burnup zones are numbered and shaded for visual clarity.
To begin the process, a simple burnup zone arrangement (trial 1) is adopted for the given
fuelling configuration. A time-average model is executed using this geometry. Based on the
results of this simulation, (namely keff , maximum bundle and channel power, and FIR) one
A.1
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or more changes may be determined to be required. The process continues iteratively until
an acceptable solution has been reached.
New burnup zones with higher DBU may be added to the arrangement to remove hotspots
in channel power. This process is illustrated in Figure A.2. The corresponding DBU to
each burnup zone is shown in Table A.1, along with the results of calculation performed for
that iteration/trial.
Note that adjusting the discharge burnup of a channel is equivalent to adjusting the re-
fuelling rate, and therefore the rate of positive reactivity addition, in that channel. An
increase in DBU results in a decrease in refuelling rate and therefore, a decrease in time-
average power.
Trial 1 Trial 2
Trial 3 Trial 4
Figure A.2: The evolution of time-average channel power distribution following changes
to the burnup zone arrangement. Channels are shaded by relative channel power for demon-
stration of the progression. Hotspots (top 10% of channel powers) are shaded a darker red
for visual clarity.
Appendix A. Sample experimental process A.3
Beginning with trial 1, the time-average calculation reveals two hotspots on either side of
zone 5. Additionally, keff is found to be too low. For trial 2, a new higher DBU zone 6 is
added, corresponding approximately to the hotspots. The DBU for zones 1-4 is reduced to
increase keff . As can be seen in Figure A.2, in the resulting power distribution for trial 2, the
hotspot is shifted to above the central region. keff is now within an acceptable range, but
the maximum bundle power remains too high. Zone 7 is added for Trial 3, but in response
the hotspot shifts to the bottom of the central region.
Table A.1: Burnup values for each zone and the time-average results for each arrangement,
for each step of the sample experimental process. Increases in DBU are shaded in blue and
decreases in orange.
DBU Single CPO Multiple CPOs
(MWd·kg-1) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
Zone 1 4.5 4.0 4.0 4.0 4.0 4.0 4.0
Zone 2 5.0 4.5 4.5 4.5 4.5 4.5 4.5
Zone 3 14.0 12.0 11.0 11.0 11.0 11.0 11.0
Zone 4 19.0 18.0 18.0 18.0 18.0 15.0 15.0
Zone 5 17.5 17.5 17.5 17.5 17.5 12.0 14.0
Zone 6 18.5 18.5 18.5 18.5 18.5 14.0
Zone 7 14.0 14.0 14.0 14.0 14.0
Zone 8 13.0 13.0 14.0 13.0
Zone 9 9.0 9.0
Zone 10 7.0 5.5
Peak Bundle 867.3 861.2 856.6 843.1 873.9 817.5 828.1
Power (kW)
Peak Channel 6794.6 6721.6 6778.6 6597.6 6755.3 6361.2 6462
Power (kW)
keff 1.0004 1.0022 1.0025 1.0023 1.0016 1.0012 1.0020
Mass Refuel 272.5 303.1 305.6 304.6 316.7 297.3 300.1
Rate (kg·d-1)
Channel Visit 1.794 1.996 2.013 1.998 2.079 1.958 1.977
Rate (CV·d-1)
FIR% 99.978 99.913 99.907 99.910 99.854 99.939 99.938
Appendix A. Sample experimental process A.4
With the addition of zone 8, the maximum bundle power is reduced to an acceptable value
(<850 kW) and the highest channel powers are well distributed radially. To this point, a
single CPO macroscopic cross-section library (see Chapter 4) has been used to represent the
fuel lattice throughout the core. Since power is known to have a large effect on k∞ within
each cell, multiple CPO files at different power levels are now generated and used (based on
the channel power distribution) to model the core. This is labelled as trial 5.
The effect of switching to power-dependent CPO files is significant. The maximum bun-
dle power increases, while maximum channel power decreases. keff and FIR also decrease
slightly. As a result, zones 9 and 10 are added (refer to Figure A.1) and the DBU in zones 4,
5, and 8 are altered. Finally in trial 7, fine-tuning of the DBU for the existing zones results
in an acceptable solution. In the real thesis results, the power distribution was used to de-
termine whether new CPO files should be generated and used. The results given in Sections
6.1.1.1 and 6.1.2.1 are the product of many dozens of iterations for each configuration.
Appendix B
List of channels refuelled
The channels refuelled as part of the simulations in Section 6.2.4 are listed in this appendix.
The data includes the time increment, ∆t, the time elapsed, t, the channel refuelled, the
fuel type, and the bundles shifted and their direction, BS. Note: negative BS indicates that
the channel was refuelled from the back of the reactor (i.e starting from bundle position
12).
B.1 IBOS48
∆t (d) t (d) Channel Type BS
0.010 0.010 P17 B 8
0.200 0.210 L20 S -4
0.864 1.074 T08 S -4
0.181 1.255 L05 B 8
0.683 1.938 U14 S 4
0.562 2.500 L13 B 8
0.302 2.802 F05 S -4
0.864 3.666 E17 S 4
0.080 3.746 P09 B 8
0.784 4.530 J21 S 4
0.461 4.991 P05 B 8
∆t (d) t (d) Channel Type BS
0.403 5.394 D05 S -4
0.842 6.236 L17 B 8
0.300 6.536 W13 S -4
0.586 7.122 F19 S -4
0.359 7.481 G09 B 8
0.505 7.986 T16 S -4
0.740 8.726 G17 B 8
0.124 8.850 L02 S -4
0.864 9.714 N21 S 4
0.258 9.972 G05 B 8
B.1
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B.2 IBOS44
∆t (d) t (d) Channel Type BS
0.010 0.010 G17 B 4
0.200 0.210 M01 S -4
0.342 0.552 R06 B -4
0.401 0.953 T16 S -4
0.050 1.003 M08 B 4
0.101 1.104 M16 B 4
0.542 1.646 L20 S -4
0.060 1.706 H12 B 4
0.482 2.188 R19 S 4
0.261 2.449 M04 B 4
0.281 2.730 D05 S -4
0.462 3.192 P09 B 4
0.080 3.272 L13 B 4
0.542 3.814 J21 S 4
0.121 3.935 G05 B 4
0.420 4.355 W13 S -4
0.322 4.677 P17 B 4
∆t (d) t (d) Channel Type BS
0.219 4.896 L02 S -4
0.523 5.419 L05 B 4
0.018 5.437 G09 B 4
0.542 5.979 D17 S -4
0.183 6.162 P05 B 4
0.359 6.521 U06 S 4
0.384 6.905 L17 B 4
0.158 7.063 P13 B 4
0.542 7.605 F05 S -4
0.143 7.748 N18 B -4
0.399 8.147 U14 S 4
0.244 8.391 G13 B 4
0.298 8.689 R04 S -4
0.445 9.134 L09 B 4
0.197 9.331 N10 B -4
0.442 9.773 B10 S 4
0.104 9.877 J18 B -4
Appendix C
Glossary
• Anticipated Occupational Occurrence — An operational process deviating from
normal operation that is expected to occur once or several times during the operating
lifetime of the reactor facility but which, in view of the appropriate design provisions,
does not cause any significant damage to items important to safety nor lead to accident
conditions. [99]
• Design Basis Accident — Accident conditions for which a reactor facility is de-
signed, according to established design criteria, and for which the damage to the fuel
and the release of radioactive material are kept within authorized limits. [99]
• Design Extension Condition — A subset of beyond-design-basis accidents that
are considered in the design process of the facility in accordance with best-estimate
methodology to keep releases of radioactive material within acceptable limits. Design
extension conditions could include severe accident conditions. [99]
C.1
